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Abstract
The development of charge-transporting and fluorescing colloidal particles that can be directly printed into electroluminescent devices may result in a broad impact on the use of electrical
energy for illumination. The objective of this work was to design and synthesize electroactive & fluorescing colloidal particles; establish their optical, electronic, and thermodynamic properties; and transition them into a device format for potential applications.
The original intended application of this work was to build “better” colloidally-based organic light
emitting devices (OLEDs) by creating functional particles with superior electrical and optical performance relative to commercially available technologies, but through the course of the research, the
particles that were developed were found to be better suited for medical applications. Nonetheless,
the global objective envisioned at the onset of this research was consistent with its final outcomes.
The research tasks pursued to accomplish this global objective included:
(1) The design and synthesis of electroactive moieties and their conversion into organic
light emitting devices; An electron-transporting monomer was synthesized that was structurally
& energetically similar to the small molecule 2-biphenyl-4-yl-5-(4-tert-butylphenyl)-1,3,4-oxadiazole
(tBu-PBD). The monomer was copolymerized with 2-(9H -carbazol-9-yl)ethyl 2-methylacrylate (CE)
and the resulting copolymer was utilized in OLEDs which employed fluorescent coumarin 6 (C6)
or phosphorescent tris(2-phenylpyridine)iridium(III) [Ir(ppy)3 ] emitters. The copolymer devices
exhibited a mean luminance of ca. 400 and 3,552 cd/m2 with the C6 and Ir(ppy)3 emitters, that
were stable with thermal aging at temperatures ranging from 23 ◦ C to 130 ◦ C. Comparable poly(9vinyl-9H -carbazole)/tBu-PBD blend devices exhibited more pronounced variations in performance
with thermal aging.
(2) The surface-modification of colloids with electroactive & fluorescing moieties via “click”
chemistry; Aqueous-phase 83 nm poly(propargyl acrylate) (PA) nanoparticles were surface-functional
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ized with sparingly water soluble fluorescent moieties through a copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) (i.e., “click” transformation) to produce fluoroprobes with a large Stokes shift.
For moieties which could not achieve extensive surface coverage on the particles utilizing a standard
click transformation procedure, the presence of β-cyclodextrin (β-CD) during the transformation
enhanced the grafting density onto the particles. For an oxadiazole containing molecule (AO), an
azide-modified coumarin 6 (AD1) and a polyethylene glycol modified naphthalimide-based emitter
(AD2), respectively, an 84%, 17% and 5% increase in the grafting densities were observed, when the
transformation was performed in the presence of β-CD. In contrast, a carbazolyl-containing moiety
(AC) exhibited a slight retardation in the final grafting density when β-CD was employed. Photoluminescence studies indicated that AC & AO when attached to the particles form an exciplex. An
efficient energy transfer from the exciplex to the surface attached AD2 resulted in a total Stokes
shift of 180 nm for the modified particles.
(3) The synthesis and characterization of near-infrared (NIR) emitting particles for potential
applications in cancer therapy. PA particles were surface modified through the “click” transformation of an azide-terminated indocyanine green (azICG), an NIR emitter, and poly(ethylene glycol)
(azPEG) chains of various molecular weights. The placement of azICG onto the surface of the particles allowed for the chromophores to complex with bovine serum albumin (BSA) when dispersed
in PBS that resulted in an enhancement of the dye emission. In addition, the inclusion of azPEG
with the chromophores onto the particle surface resulted in a synergistic nine-fold enhancement
of the fluorescence intensity, with azPEGs of increasing molecular weight amplifying the response.
Preliminary photodynamic therapy (PDT) studies with human liver carcinoma cells (HepG2) combined with the modified particles indicated that a minor exposure of 780 nm radiation resulted in a
statistically significant reduction in cell growth.
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Chapter 1

Introduction
1.1

Overview
Technologies involved in the creation of artificial light have seen a steady increase in

their efficiency, with early incandescent systems exhibiting ca. 5% of their consumed energy
as visible light, while fluorescent lamps exhibit ca. 20%. Semiconductor devices that exploit
electroluminescence (EL) may exhibit even higher efficiencies; electroluminescence-based
lighting is the most direct way to produce light from electric current and has the potential
to be highly efficient. The development of charge-transporting and fluorescing colloidal
particles that can be directly printed into electroluminescent devices may result in a broad
impact on the use of electrical energy for illumination. The objective of this dissertation
was to design & synthesize electroactive and fluorescing colloidal particles; establish their optical, electronic, and thermodynamic properties; and transition
them into a device format for potential applications. The original intended application of this work was to build “better” colloidally-based organic light emitting devices
(OLEDs) by creating functional particles with superior electrical and optical performance
relative to technologies within the Foulger group and commercially available, but through
the course of the research, the particles that were developed were found to be better suited
for applications in cancer therapy. Nonetheless, the global objective envisioned at the on-
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set of the dissertation was consistent with its final outcomes. The research tasks pursued
to accomplish this global objective included: (1) the design and synthesis of electroactive
moieties and their conversion into organic light emitting devices (cf. Chapter 2); (2) the
surface-modification of colloids with electroactive & fluorescing moieties via “click” chemistry (cf. Chapter 3); and (3) the synthesis and characterization of near-infrared emitting
particles for potential applications in cancer therapy (cf. Chapter 4). The following sections
briefly present the state-of-the-art in these diverse tasks.

1.2
1.2.1

Motivation & state-of-the-art
Design and synthesis of electroactive moieties and their conversion
into organic light emitting devices
Electroluminescence is the process of light emission from a material in the presence

of an external circuit that requires injection of electrons from a cathode and holes from
an anode. Excitation takes place with the recombination and the radiative decay of the
excited electron ± hole state (exciton) produced by this recombination process [6]. This
phenomenon for organic crystals was first observed for anthracene in 1963 [7, 8], but due
to the poor efficiencies and lifetimes of the resulting devices, the research activities never
turned to devices constructed from organic materials but instead continued to focus on
devices fabricated from inorganic materials.
Fundamentally focused efforts that revived interest in the research on the electroluminescence of organic compounds were the use of organic fluorescent dyes for lightemitting diodes [9–11], as well as the use of highly fluorescent conjugated polymers such as
poly(p-phenylenevinylene) (PPV) as the active material in an organic light emitting device
(OLED) [12]. The use of PPV offered advantages over the use of expensive and inconvenient
vapor deposition of inorganic semiconductors and offered the possibility of producing large
area displays.
The structure of an organic electroluminescent device could either have single (cf.
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Figure 1.1: Schematic illustration depicting the construction of a single layer thin film based organic light
emitting device; poly(methyl methacrylate)-derived homopolymers with pendant carbazole (PMMAK) and
oxadiazole (PMMAO) moieties are examples of hole- & electron-transporting species [1].

Figure 1.1) or multiple layers of organic thin films that have been sandwiched between
an anode and a cathode. An indium tin oxide (ITO)-coated glass slide is often used as
an anode along with the use of low work function electropositive metals such as Al, Ca,
Mg as cathodes. For a high performance organic EL device, in order to attain charge
balance, the materials should have a suitable ionization potential and electron affinity for
energy level matching. The materials utilized should also be morphologically, thermally
and electrochemically stable [13].
In the case of a single layer device, the electroluminescent dye can either be mixed
with the hole- and electron-transporting materials or the two charge transporting materials
can be copolymerized together [1, 14–17]. An example of the mixing of an electroluminescent dye with the hole- and electron-transporting materials is the device construction
based on the use of poly(9-vinylcarbazole) (PVK), which is a hole-transporting polymer and
2-(4- tert-Butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole (tBu-PBD), which is an electrontransporting small molecule along with the use of a fluorescent or a phosphorescent dye
molecule [18–20]. Figure 1.2 presents a schematic of the variation of the work functions
and HOMO-LUMO energies across a typical PVK/tBu-PBD based device. Poor device
3

Figure 1.2: Schematic of energy levels in a PVK/tBu-PBD based single layer OLED which incorporates
luminescent dyes: nile red (NR), coumarin 6 (C6), and coumarin 1 (C1).

performance can occur with such a device due to the non-uniform distribution of the electron transport molecule arising from phase separation and crystallization, which is known
to occur during spin-coating of polymer films doped with large concentrations of small
molecules; PVK/tBu-PBD devices can incorporate ca. 30-40 w/w % of the tBu-PBD in the
active layer [19, 21]. The copolymerization of the hole- and electron-transporting materials, for instance a carbazole and an oxadiazole moiety, can be used to frustrate this phase
separation leading to a better device performance [16].
External quantum efficiency (EQE) can be defined for an electroluminescent device
as the number of photons that are emitted from a device relative to the total number of
electrons being injected into the device. OLEDs have been constructed using both fluorescent and phosphorescent emitting molecules, with fluorescent emitters giving relatively low
external quantum efficiencies of 1-2% [22,23]. In contrast, phosphorescent emitters can give
significantly higher external quantum efficiencies of 5-6% [24, 25]. A fundamental reason
for the discrepancy in efficiencies between the fluorescent and phosphorescent dyes is that
fluorescent systems are effective in only exciting a fourth of the electrons into the singlet
4

state, with a very small number of those excited singlets intersystem crossing to a triplet
state. The phosphorescent dyes directly populate excited triplet state, through a singlet
intersystem crossing, leading to an accumulation of all the excited electrons in the triplet
state. Iridium complexes, such as Ir(ppy)3 , is the most commonly exploited phosphorescent
emitter in OLED construction [26, 27].
The organic materials employed in the construction of OLEDs offer a variety of
advantages over traditional inorganic materials, including broad tunability in their emission
color by structural modifications and ease of processability. Very thin films in the range of
100 nm thickness can be made using these materials, allowing for the construction of flexible
displays. In addition, the thin films result in lower driving voltages for these OLEDs and a
reduced power consumption to operate. Environmental friendly deposition approaches that
employ water as the majority solvent, such as in roll-to-roll printing, can be used to make
large area OLEDs. This has been made possible due to their ability to illuminate uniformly
over large areas and the ease with which complex characters can be patterned utilizing
simple lithographic tools [4]. To achieve this latter aim, the electroactive and emitting
moieties employed in the organic material should be amenable to emulsion polymerization
to facilitate the synthesis of monodisperse particle that are easily converted into devices by
printing technologies.
Chapter 2 presents a detailed description of the design and synthesis of electroactive moieties and their conversion into organic light emitting devices. These moieties are
amenable to emulsion polymerization and can facilitate the synthesis of monodisperse particle that are easily converted into devices by printing technologies.

1.2.2

Surface-modification of colloids with electroactive & fluorescing
moieties via “click” chemistry

Printing of devices. Organic and all-polymer transistor circuits with performance characteristics suitable for directed applications have already been demonstrated, though the
expansion of these systems into radio frequency identification tags, sensors, simple & rugged
5

displays, as well as many other niche applications is in its infancy [28,29]. The major advantage offered in organic/polymeric systems, relative to inorganic systems that are fabricated
through lithography routes, is the potential that low-cost, large area electronics may be created when these materials are coupled with ink-jet [30–32], screen [33], or roll-to-roll [34–36]
printing/fabrication technologies. Figure 1.3 presents a schematic of the roll-to-roll flexographic process employed within the Foulger group for device fabrication; in this printing
technique, relief plates comprised of a flexible photopolymer with the inscribed pattern are
mounted on a plate cylinder.

Figure 1.3: Schematic of the flexographic printing process. (Image adapted from Ref. [2]; Reproduced by
permission of The Royal Society of Chemistry (http://dx.doi.org/10.1039/b618343c).)

Specialized polymeric solutions or dispersions have been employed when coupling
device-suitable polymeric systems with roll-to-roll printing methods [35, 36]. Printing inks
employed in commercial roll-to-roll printing are generally composed of colloidal particles
that range in size from 50 nm to 1 micron and are dispersed in simple solvents, such as
water or ethanol. Nonetheless, the prospect of printing a device that has two electrodes
sandwiching an active layer composed of polydisperse colloidal particles poses a number of
inherent challenges, such as creating the active layer without introducing electrically shorting pinholes and maintaining a consistent thin layer to minimize operating voltages. The
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requirement of a printed particle-based system is inherently different to a system which
utilizes an established semiconductor fabrication route that employs, for example, lithographical techniques coupled with spin-coating & evaporation. A broader control over the
properties of the inks utilized in large area printing of organic devices will be required as this
field matures and can be achieved through recent advances in colloidal chemistry. The Foulger group has focused on the development of multifunctional colloidal inks that allow for the
printing of defect free structures [35]. Specifically, the Foulger group utilized polyanilinepoly(butyl methacrylate) core-shell particles as a model colloidal ink system [2] and these
particles were employed in flexographic printing in order to elucidate the percolation characteristics of printed structures. The determination of the percolation characteristics of any
flexographically-printed structure is a vital piece of information for the optimal performance
of a device.

Figure 1.4: (a.) Transmission electron micrograph of polyaniline (PANI) coated poly(butyl methacrylate)
(PBMA) particles; (b.) themogravimetric analysis of polyaniline particles (-◦-), poly(butyl methacrylate)
particles (-•-), and polyaniline coated poly(butyl methacrylate) particles (--); (c.) zeta-potential of initial
colloidal poly(butyl methacrylate) particles (•) and polyaniline-coated poly(butyl methacrylate) particles
(◦). Error bars represent standard deviation of mean value. (Image adapted from Ref. [2]; Reproduced by
permission of The Royal Society of Chemistry (http://dx.doi.org/10.1039/b618343c).)

Figure 1.4a presents a TEM micrograph of the PANI-coated PBMA particles. The
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Figure 1.5: Scanning electron micrograph of: (a.) interdigitated test figure flexographically printed with
conductive ink composed of polyaniline-poly(butyl methacrylate) core-shell particles with line width of ca.
85 µm; (b.) morphology of the core-shell particles within a printed zone; and (c.) interdigitated test figure
with line width of ca. 40 µm. (d.) conductivity of printed ink composed of polyaniline-coated poly(butyl
methacrylate) particles mixed with neat poly(butyl methacrylate) particles. (Image adapted from Ref. [2];
Reproduced by permission of The Royal Society of Chemistry (http://dx.doi.org/10.1039/b618343c).)

diameter of the PBMA-core particles is 200 nm with the PANI-shell having a thickness of
45 nm; the PANI completely covers the entire surface of the cores.
A conductive ink composed of the polyaniline-poly(butyl methacrylate) core-shell
particles (cf. Figure 1.4) was printed employing roll-to-roll printing technology and the
resulting printed structures and percolation characteristics are presented in Figure 1.5. As
can be see in Figure 1.5b, this quick contact printing process, leads to a printed zone with a
significant level of “porosity”, which can lead to defects in the device. The reason being that
the particles do not have sufficient time to pack with any regularity. The ink development,
specifically the utilization of low surface energy mondisperse particles is envisioned to lower
the defect state of the printed devices. This mondisperse diameter characteristic, coupled
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with a more thorough understanding of the devices physics within a single particle, is also
a basic requirement for optimizing the performance envelope of printed OLEDs.

Figure 1.6: (a.) Schematic illustration depicting the construction of a single pixel colloidally-based
organic light emitting device. (b.) the emissive colloids were formed through a mini-emulsion [3] approach and were composed of poly(9-vinyl-9H -carbazole) (PVK), tBu-PBD, and an EL dye, such as
Coumarin 1 (B), Coumarin 6 (G), or Nile Red (R). SEM micrograph of a typical batch of the dyedoped colloids. (Image adapted from Ref. [4]; Reproduced by permission of The Royal Society of Chemistry
(http://dx.doi.org/10.1039/b809450k).)

Colloidally-based devices.

A more thorough understanding of the device physics within

a single particle is required for optimizing the performance envelope of printed OLEDs. To
this end, the Foulger group’s model system for studying a nanoparticle-based device [4]
allows for electroluminescent nanoparticles to be employed in a simple device configuration
to explore the particle’s inherent electrical and luminescent characteristics. This model
device exploits the concept that the particles in a colloidally-based OLED can be viewed as
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individual “particle-devices”. In addition, this methodology that was developed, can be used
to fabricate OLEDs through large scale & high-throughput printing techniques; the reason
being the abundant nature of the aqueous-based colloids in printing inks utilized in current
commercial printing technologies. Figure 1.6a presents a schematic of the nanoparticlebased organic light emitting device utilized within the group to study the electroactive
performance of colloids. The device construction consists of an anode, which is a glass
substrate with a templated layer of indium tin oxide (ITO) on its surface. In order to
planarize the glass/ITO surface, a ca. 150 nm layer of the transparent dielectric poly(butyl
methacrylate) (PBMA) is coated to the regions of the exposed glass surface. The active
layer spin-coated onto the anode consists of the colloidal particles, which incorporate a
hole-transporting polymer doped with an electron transporting small molecule and an EL
dye (cf. Figure 1.6b). The initial attempts in developing OLEDs on this platform utilized
particles that were formed through a mini-emulsion approach [3, 37, 38] and exhibited a
range of particle diameters which could, under varying synthetic conditions, range from 50
nm to 500 nm (cf. Figure 1.6c). The cathode assembly formed by the evaporation of metals
onto the colloids, consists of a ca. 30 nm thick calcium layer over which a thicker aluminum
capping layer is evaporated.
The optical images of a number of 12.7 mm wide tiger paw shaped energized
colloidally-based organic light emitting devices have been presented in Figure 1.7a. The
matching EL spectra of the devices has also been shown in the right side of the figure,
along with an additional EL spectrum of a yellow emitting device. The active layer in these
devices incorporated varying ratios of the dye-doped colloids to produce a wide spectrum
of colors. Two different mechanisms have been proposed for the excitation of the dyes in
a PVK:tBu-PBD host, namely, (1) energy transfer or (2) carrier trapping. The two types
of energy transfer mechanisms are the Förster energy transfer which is based on coulombic
interactions and the Dexter energy transfer which is based on electron exchange. Energy
transfer can take place when an excited donor (exciton) located in either the PVK, tBuPBD, or a PVK:tBu-PBD complex transfers energy over to a ground state acceptor, which
10

Figure 1.7: (a.) Optical images (1-7) of colloidally-based organic light emitting devices templated into a
12.7 mm wide tiger paw insignia with varying RGB dye ratios (left side of the figure) and the corresponding
electroluminescence spectra (right side of the figure). In addition, the electroluminescence spectrum of a
yellow emitting device is presented. (b.) optical image of a colloidally-based organic light emitting device:
prior to being biased (left image) and with an applied 9 volt bias (right image). (Image adapted from Ref. [4];
Reproduced by permission of The Royal Society of Chemistry (http://dx.doi.org/10.1039/b809450k).)

in this case is the dye. For an efficient energy transfer, through both the Förster and Dexter
mechanisms, a number of conditions must be satisfied which include, the spatial separation
between the donor & acceptor and the spectral characteristics of the donor’s emission and
the acceptor’s absorption. Figure 1.7a(1, 3, & 5) presents the primary RGB colors which
were utilized for creating additional colors in this work. The blue and red-doped colloidal
devices exhibited luminance values in the range of 10 cd/m2 , whereas the green-doped colloidal devices exhibited luminance of ca. 30 cd/m2 . The charge density characteristics for
these devices correlate well with commercially available light emitting devices, even though
the exhibited luminance values for these systems are not optimal when compared to other
current “color-tailored” OLEDs [16] or QD-based devices [39]. The major limitations of the
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device performance was attributed to the polydisperse sizing characteristics of the particles.

The need for monodisperse particles. The use of polydisperse colloidal particles was
successful in the creation of OLEDs within the Foulger group [4], but to optimize the
performance of these devices it was discovered that the monodisperse particles would be
more amenable for creating devices composed of a single layer of colloidal particles without
any defects. “Particulate” approaches to OLEDs have in the past focused on semiconductor quantum dots. Current research thrusts in harvesting a light emission from single
quantum-dot (QD) particles are focused on using a very low concentration of QDs dispersed
in a fluid medium and casting a film such that a small number of QDs are sparsely dispersed
in a resistive matrix, adhering to a thin-film mentality of device fabrication. This QD film
is sandwiched between two electrodes and electroluminescence from individual particles is
characterized through a seek and analyze methodology [40]. Though QD-based devices utilizing exciton formation through direct charge injection on the QDs could potentially lead
to more efficient devices, this design calls for a precise electron and hole concentration balance and a similar barrier for electron/hole injection into the QDs. Consequently, designing
devices that rely on precise charge balance and exciton formation on QDs can be difficult
and most recent attempts on QD-based devices rely on the exciton generation within an
organic layer and a subsequent energy transfer to the QDs [39–45].
Attempts at creating small electroluminescent sources have included casting electroluminescent polymer solutions into electron beam (e-beam) lithography defined features,
typically a small hole in an insulator matrix [46]. Feature size in this case is directly dependent on the surface energy of the solvent solution, i.e., if the surface tension is too high,
the material attempting to be deposited, will not permeate into the feature and the device
will fail. A very attractive aspect is the ability to (1) controllably assemble individual emissive particles while (2) maintaining the electrical addressability of each particle. Figure 1.8
presents a proposed single-particle device that embodies these features.
In order to optimize the device efficiency of the devices, three crucial contributions
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Figure 1.8: Schematic of an electroluminescent device based on a single particle. The electrically insulating
core (gold sphere) is surrounded by surface attached electroactive and luminescent moieties.

have been identified in the literature: charge injection, charge transport, and recombination
[47]. An unbalanced injection can result in an excess of one charge carrier type and thus in
a current flow that does not contribute to light emission. In addition, this current flow can
also result in an enhanced nonradiative recombination through interactions of the excitons
with the charge carriers. The injection criteria can be coupled with an unbalanced charge
transport which can lead to confinement of the electroluminescence (EL) emission to a
region near to one of the injecting electrodes where enhancement of nonradiative decay rate
is expected [9]. Studies of the current density versus voltage characteristics of conjugated
and dye doped polymeric devices have yielded conflicting information about which process
dominates the operation of these OLEDs, but to a first order, the dominant characteristics
for the operation of a polymeric OLED are limited by the tunneling of electrons and holes
through contact barriers arising from the band offset between the polymer and the electrodes
[48, 49]. Therefore, assuming a tunneling model, the device performance of these devices
can be improved by balancing and reducing the contact barriers of both electrons and holes.
To address these challenges, the design of the charge transporting moieties used to fabricate
the particles must match the intended energy band of the electrodes of the device and be
placed on or in the particle such that the resulting thin film percolation and recombination
13

Figure 1.9: Reaction scheme for a 1,3-dipolar cycloaddition reaction.

characteristics can be controlled.
An electroluminescent device based on a single particle offers the possibility to create
a device where emission comes from a few surface-attached molecules. For example, by
either limiting the number of carbazole and oxadiazole containing molecules or fluorescent
dyes that will be attached to a particle, the number of emissive states can be potentially
reduced to a point where single-molecule effects become important. Single molecule emitters
have been demonstrated to act as an anti-bunched source of photons at room temperature
[50], thus the single-particle devices with a limited number of molecular emitters would
be directly analogous to the structures made using quantum-dot-based systems [51] and
may act as an electrically driven single-photon light source for quantum cryptography and
communication systems. To this end, this phase of my research focused on developing
monodisperse particles that had spatially localized electroactive and fluorescent moieties with
controllable grafting densities.

Routes to monodisperse electroactive colloids.

The approach that I employed to

achieve monodisperse particles that were surface-functionalized with charge transporting
and emissive moieties utilized the copper(I) catalyzed azide-alkyne Huisgen 1,3-Dipolar cycloaddition, often referred to as a “click” transformation [52–54], although other variants
exist under the “click” definition. In this strategy, which was reported in 2001 by Sharpless and co-workers [53], reactive chemical moieties are designed to “click” together selec14

tively and covalently. Click transformations, specifically the copper(I)-catalyzed Huisgen
1,3-dipolar cycloaddition reaction between azides and terminal alkynes to form the stable
heterocyclic linker, 1,4-disubstituted 1,2,3-triazole [55], have found widespread acceptance
in the materials science community. The rate of the Huisgen 1,3-dipolar cycloaddition
reaction [56] is promoted by the use of the catalyst Cu(I) along with an increase in the
regiospecificity with the exclusive generation of the 1,4-triazole isomer. In 2002, Meldal
and co-workers [57] used Cu(I) in the cycloaddition reaction for triazole synthesis on a
solid phase. This reaction was carried out in various organic solvents, utilizing copper (I)
iodide along with N,N-diisopropylethylamine (DIPEA). This work was followed by Fokin
and co-workers [58], where they carried out this azide-alkyne coupling in an aqueous environment. With the use of copper sulfate and sodium ascorbate, they demonstrated that
this coupling is highly regiospecific when carried out in an aqueous medium. The presence
of an appropriate catalyst accelerates this azide-alkyne coupling; the reaction is usually
slow in the absence of a catalyst as alkynes are poor 1,3-dipole acceptors. However the
presence of Cu(I), which binds to the terminal alkynes, promotes the rate of the reaction
and its regioselectivity giving a very high yield (often above 95%). Azides and alkynes
are relatively inert to various solvents (including water), molecular oxygen, and common
reaction conditions in organic synthesis. These advantages are particularly useful for attaching multi-functional molecules to surfaces [59–65]. The stability of azides and alkynes
in aqueous solutions enables these functionalities to act as inert chemical handles for a range
of selective chemical reactions and, in particular, offers a facile route to modify particles
composed of semiconductor [66,67], metallic [68–71], or biological/organic materials [72–75].
Chapter 3 presents a detailed description of the design and synthesis of multifunctional monodisperse particles that were surface functionalized through a copper(I) catalyzed azide-alkyne Huisgen 1,3-Dipolar cycloaddition with electroactive and luminescent
emitters.
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1.2.3

Synthesis and characterization of near-infrared emitting particles
for potential applications in cancer therapy
During the course of my dissertation studies, the techniques developed for the design

and synthesis of multi-functional monodisperse particles that were surface functionalized
with electroactive and luminescent emitters were found amenable for the development of
nanoparticles that could be employed in medical imaging and therapeutics. Specifically, the
use of contrast agents in the early detection of a disease, for optically imaging markers that
are unique to a specific cell type at the onset of a disease, has gained a lot of popularity in
the recent years [76–78]. For this reason, fluoroprobes that work in the near-infrared (NIR)
region are being developed. For the optical imaging of tissue, some of the fundamental
problems that have been encountered are the high light scattering, high absorption by
hemoglobin (Hb) and autofluorescence in the mid-visible spectrum. When light in the UVvis region is used, tissue chromophores such as deoxy- and oxyhemoglobin (HbO2 ) strongly
absorb the photons, thus limiting its penetration depth. A much higher tissue penetration
can be achieved using the NIR light (650 - 900 nm) as hemoglobin, which is the primary
absorber of visible light, has the lowest absorption coefficient in this region. Also, water
and lipids, which are the primary absorbers of infrared light, have their lowest absorption
coefficients in this region (cf. Figure 1.10) [5, 79]. These reasons have led to the extensive
development of exogenous fluoroprobes in the NIR region, for example, the cyanine class of
dyes [80, 81].
The only NIR organic contrast agent for human use that has been approved by
the U.S. Food and Drug Administration (FDA) is Indocyanine green (ICG) [82]. ICG
exhibits very low toxicity to humans [83] and has been widely investigated for deep-tissue
imaging. It is an amphiphilic carbocyanine dye with a maximum absorption at 780 nm and a
maximum emission at 820 nm [84–86]. The various uses of ICG include its use as a contrast
agent in angiography [87], in guiding biopsies [88], and in evaluating blood flow [89, 90]
and hepatic function [91, 92]. However, just like many other organic dye molecules, ICG
has certain shortcomings that include photobleaching which means that the dye cannot
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Figure 1.10: Near infrared attenuation [log10 ] for 1 cm depth deoxy hemoglobin (Hb), oxy hemoglobin
(HbO2 ), and water; hemoglobin concentration 210 µM in water. Window lying between the declining
absorption of blood and the increasing absorption of tissue water in the wavelength region 700-900 nm [5].

fluoresce for a prolonged period of time, thus making it unsuitable for extended bioimaging
applications. Other drawbacks include changes in its emission/excitation characteristics
with changes in the local environment, which include changes in the pH and the changes
in emission/excitation properties with the use of different solvents [85, 93–95]. The optical
instability of ICG in various solvents such as water [86, 96, 97], plasma [86, 97, 98] and
blood [97, 99–101] have been reported previously. ICG also exhibits a very concentration
dependent quenching in various solvents due to dimerization [102, 103]. Its binding to
proteins and subsequent aggregation leads to its rapid clearance from the body [96,100,104].
For a fluorescence imaging agent to be effective, it should therefore exhibit nontoxicity, in vitro and in vivo stability, high quantum yield, a resistance to photobleaching
and metabolic disintegration along with an adequate dispersibility in the biological environment [105,106]. Keeping these various features in mind, a number of nanoparticle-based
systems which either have the contrast agent on the inside/outside of the particles have
been developed. Some of the examples of these systems are quantum dots (QDs) [107, 108],
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gold nanoparticles [109–111] and organically modified dye-doped silica nanoparticles [112].
A significant achievement with the use of these modified particles is the increase in the circulation half-life of the fluoroprobes relative to the free fluoroprobe molecule [85, 113] along
with an increased photostability [114]. In the case of QDs organic solvents such as hexane
are used for their synthesis. Their structure comprises of an inorganic core and an inorganic
shell made of metal. The properties of the shell and the core can be used to tune the fluorescence emission. An additional coating of an organic aqueous layer is required for their
in vivo imaging [83, 107]. QDs have the potential to solve many of the problems associated
with organic fluoroprobes but at the same time their toxicity is a critical concern [115].
In the recent years, a large focus has been on the development of polymer-based
nanoparticles as carriers for ICG for in vivo applications [116]. These systems have found
extensive use because of their high biocompatibility [117]. A number of polymeric systems
have been studied to address such issues as ICG degradation and its rapid clearance from
the body [85,118,119]. Some examples include the encapsulation of ICG within poly(lacticco-glycolic acid) (PLGA) particles [120], the development of a silica-polymer composite
microcapsule [85] and more recently the use of organically modified silicates as carriers for
ICG [121].
Chapter 4 presents a detailed description of the design and synthesis of multifunctional monodisperse particles that were surface functionalized through a copper(I) catalyzed azide-alkyne Huisgen 1,3-Dipolar cycloaddition with an azide-terminated near-infrared
emitter. Preliminary photodynamic therapy (PDT) studies with human liver carcinoma cells
(HepG2) combined with the surface functionalized particles indicated that these particles may
be an effective tool for the battle against cancer.
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Chapter 2

Development of electroactive
moieties
2.1

Introduction
My earliest efforts during the course of my Ph.D. studies were focused on the de-

velopment of thin film organic light emitting devices (OLEDs) that were constructed from
polymeric systems that incorporated both carbazole and oxadiazole moieties for hole and
electron transportation, respectively. A brief introduction to the design and operation of
polymeric thin film OLEDs has been previously presented in Section 1.2.1 and this chapter
describes in detail my research contributions to this topic. The development and assessment
of these moieties in thin film OLEDs was essential in the progression of my dissertation into
functional colloids that were surface modified with electroactive & emitting moieties.
In order to construct an OLED with optimal efficiency and device lifetime, holes and
electrons must be injected and transported through the device to achieve similar densities
of the two carriers. One approach utilizes a single layer in which an electroluminescent (EL)
species is embedded in a hole- & electron-transporting host and has resulted in the wellresearched single-layer device architecture which is based on the hole-transporting polymer,
poly(9-vinyl-9H -carbazole) (PVK), blended with an electron-transporting molecule such as
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Figure 2.1: Technologically important hole-transporting monomer 9-vinyl-9H -carbazole (VK) and
electron-transporting small molecule 2-biphenyl-4-yl-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (tBu-PBD).
Monomers utilized in this effort: 2-(9H -carbazol-9-yl)ethyl 2-methylacrylate (CE); and 4’-[5-(4-tertbutylphenyl)-1,3,4-oxadiazol-2-yl]biphenyl-4-yl 2-methylacrylate (tBPOBP).

2-biphenyl-4-yl-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (tBu-PBD) and a fluorescent (e.g.,
coumarin 6 (C6)) or phosphorescent (e.g., tris(2-phenylpyridine)iridium(III) [Ir(ppy)3 ])
emitter (cf. Figure 2.1) [14–20]. Though PVK/tBu-PBD based devices are often a benchmark in performance for the comparison of single layer OLEDs, the long term performance
of the device can suffer due to the limited solubility of the small molecule oxadiazole in
the PVK polymer host. With the Joule heating often experienced during device operation,
the limited solubility can result in phase separation and/or recrystallization of the electrontransport molecule [19, 21]. To address this solubility problem, copolymerizing the holeand electron-transporting groups, for example, carbazole and oxadiazole moieties, into a
copolymer offers an opportunity to frustrate phase separation and recrystallization [16].
In this effort, the mobile small molecule in a PVK/tBu-PBD host was replaced with
a polymerizable electron-transporting molecule that matched the energetic profile of tBuPBD. To this end, a methacrylate (MA) monomer was rationally designed through electronic
structure calculations and synthesized (cf. Figure 2.1); the resulting monomer 4’-[5-(4tert-butylphenyl)-1,3,4-oxadiazol-2-yl]biphenyl-4-yl 2-methylacrylate (tBPOBP) appeared
structurally similar to the small molecule tBu-PBD, except that with the methacrylate
linkage it could be covalently incorporated into a polymer. Previous efforts within our
group [1, 122] have utilized a methacrylate monomer with a pendant carbazole moiety (cf.
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Figure 2.1; CE) that is energetically similar to 9-vinyl-9H -carbazole and was copolymerized
with tBPOBP for this effort. The preparation of the monomers has been discussed in detail
in Section 2.3. The device performance with thermal aging of the resulting copolymer,
relative to a PVK/tBu-PBD blend, was studied.

2.2
2.2.1

Results and discussion
Structure properties
Polymerizations utilizing the monomers CE & tBPOBP as well as VK & tBPOBP

were carried out in rubber septa sealed test tubes immersed in an oil bath at 50-60 ◦ C. The
contents of the test tubes were under constant stirring during the polymerization period
and typically included 1 g monomer and 10 mg AIBN, diluted to 250 mg/mL in dry, HPLC
grade THF. For the copolymers synthesized in this study, the amount of each monomer
employed was based on the desired mass ratio of the final product. Reaction mixtures were
sparged with nitrogen for approximately one minute prior to heating to remove oxygen from
the reaction vessel. The majority of the polymerization reactions were allowed to proceed
until the mixture exhibited an elevated viscosity, which typically took 24 hours. After the
desired reaction time, the contents of the vials were allowed to cool to room temperature,
diluted with an additional 3-5 mL of THF to reduce the viscosity, and precipitated into
cold methanol 3-5 times to remove any unreacted monomers (as confirmed by 1 H NMR
spectroscopy). The polymers were then allowed to dry overnight at 60 ◦ C in a vacuum oven
before characterization.

2.2.1.1

Polymer Composition
For all copolymers synthesized in this effort, the CE/tBPOBP ratios were deter-

mined through NMR spectroscopy. Figure 2.2 presents the composition of CE in feed
versus product through the use of NMR spectroscopy. In NMR spectroscopy the compositions were deduced by comparing the integrated signal of the tert-butyl hydrogens on the
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Figure 2.2: Composition of CE in the copolymers obtained through the use of nuclear magnetic resonance
(NMR) spectroscopy.

oxadiazole groups (cf. Figure 2.12) to that of the hydrogens adjacent to the carbazole ring
structure (cf. Figure 2.13). The feed and the product compositions show a small variation
of not more than 5%.
polymer
poly(CE)
Copolymers

poly(tBPOBP)

χak
1
0.76
0.62
0.47
0

Mwb (g/mol)
228,720
65,232
61,916
64,317
200,813

Mw /Mn
1.5
2.0
2.04
1.83
1.9

Tg (◦ C)
140
157
168
177
191

Table 2.1: Physical properties of poly(methyl methacrylate)-derived homopolymers and copolymers containing pendant carbazole and oxadiazole moieties.
a
mole fraction based on carbazole-containing monomer
b
molecular weights determined by GPC using polystyrene standards

Table 2.1 presents the mole fraction of the carbazole-containing repeat units in the
polymers, as well as additional physical properties, such as the weight averaged molecular weight (Mwb ) and glass transition temperature (Tg ) of the polymers. These polymers
are sufficiently long that the photophysical properties (e.g., excimer formation and energy
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Figure 2.3: Variation in glass transition temperature, Tg for poly(CE-co-tBPOBP) (◦) and poly(VK-cotBPOBP) (•).

migration) do not exhibit a molecular weight dependence; for molecular weights greater
than 104 , little influence of the polymerization degree on the emission properties has been
reported [123].

2.2.1.2

Glass transition
Figure 2.3 presents the variation in glass transition with carbazole content for the

polymers, poly(CE-co-tBPOBP) and poly(VK-co-tBPOBP).

CE and tBPOBP based copolymers.

The glass transition temperature was measured

using Differential Scanning Calorimetry (DSC), the samples were heated at 10 ◦ C/min and
the Tg values were reported from the second heating curve. The glass transition temperatures of the two homopolymers, poly(CE) and poly(tBPOBP), are 140 ◦ C and 210 ◦ C,
respectively, and the glass transition temperature for all the copolymers fall between these
two numbers. When the glass transition temperature for the homopolymers and the copolymers is plotted against the mass fraction of CE, the data points fit the Fox equation [124]
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which can be represented as,

wa
wb
1
=
+
Tg
Tg,a Tg,b

(2.1)

where, wa and wb is the mass fraction of the “a” and “b” monomer residue, respectively,
in the copolymers. The Fox like dependence shows that there is no preferential interaction
between the two monomer residues. Also the copolymers show a single glass transition
temperature which indicates a random insertion of the two monomer units in the polymer
chain.

VK and tBPOBP based copolymers.

The glass transition temperature for the two

homopolymers, PVK and poly(tBPOBP), are 226 ◦ C and 210 ◦ C. The difference between
the Tg values for the two homopolymers is small and when the glass transition temperature
for the homopolymers and the copolymers is plotted against the VK mass fraction, a Kwei
fit [125] is obtained which can be represented by the equation,

Tg =

wa Tg,a + kwb Tg,b
+ qwa wb
wa + kwb

(2.2)

where, “q” and “k” are system specific parameters. In systems where k=1, the
constant q represents the stabilization energy of the backbone in the blend in excess of
the weighted mean of the stabilization energies of the two components. In our system
k=1 and q=−66, which indicates that the glass transition temperature for the copolymers
will be lower than the mean glass transition temperature of the homopolymers. A negative deviation in the glass transition temperature of these copolymers can be explained
by considering the fact that, both the monomers, VK and tBPOBP, when copolymerized form rigid homopolymers with high glass transition temperatures but when copolymerized act as spacers to each other. The oxadiazole monomer units act as spacers for
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copolymers with higher carbazole mass fraction and the carbazole monomer units act as
spacers for copolymers with higher oxadiazole mass fraction. A negative deviation in the
glass transition temperature with composition has also been observed in other systems
such as poly(e-caprolactone) blends [126], blends of poly(2,6-dimethyl-1,4-phenylene oxide)
& poly(epichlorohydrin) [127], blends of poly(vinyl acetate-co-vinyl alcohol) & poly(N,Ndimethylacrylamide) [128].

2.2.2

Structure calculations

tBu-PBD
tBPOBP
VK
CE

DFT (B3LYP/6-31G*)
HOMO LUMO ∆E LUMOa
5.85
1.66
4.19
2.25
5.88
1.75
4.13
2.32
5.39
0.76
4.63
1.95
5.33
1.31
4.02
1.81

UV-vis
∆Ebuv
3.60
3.56
3.44
3.52

cyclovoltammetry
HOMO LUMOc
6.2
2.6
6.1
2.5
5.4
2.0
5.5
2.0

Table 2.2: Electronic characteristics of charge transporting materials predicted by quantum-mechanical
(QM) structure calculations and measured by UV-vis spectroscopy and cyclovoltammetry; all energies expressed in eV and are relative to the vacuum level.
a
value based on difference of calculated HOMO energy and energy at experimentally observed electronic
absorption band edge
b
bandgap taken from electronic absorption band edge
c
value based on difference of measured oxidation potential (HOMO) and energy at experimentally observed
electronic absorption band edge; all monomers polymerized into homopolymers for measurement

The electronic properties of the tBPOBP monomer and tBu-PBD were initially calculated through density functional theory (DFT; 6-31G* with B3LYP) [129]. With DFT
calculations, there exists a linear correlation between the calculated HOMO/LUMO energies and the experimentally observed ionization potential (IP) and electron affinity allowing
calculated HOMO & LUMO energies to be used semi-quantitatively to estimate the ionization potential, electron affinity, electro-negativity, hardness, and first excitation energy of a
substance [130, 131]. Due to computational restrictions, only the monomers were studied.
This is not a limitation in comparing the calculated systems to the experimental results
since charge transport occurs in these species through hopping from one moiety (oxadiazole
& carbazole) to the next and its attachment to a polymerizable vinyl or methacrylate group
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does not significantly alter its intrinsic electronic characteristics [132]. The difference in the
Fermi energy of the electrodes, in addition to the HOMO & LUMO energies of the active
layer, controls the charge injection into the device. Table 2.2 presents the DFT-derived
HOMO-LUMO energies (relative to vacuum) for all the materials utilized in this study.
Based on a simple criteria of matching energetic profiles, Table 2.2 indicates that the oxadiazole containing monomer (tBPOBP) is an adequate replacement for tBu-PBD since its
DFT-derived LUMO energy (electron-transporter) is only 0.09 eV higher, which is within
the thermal energy contribution at typical device operating temperatures [130, 131]. The
tBPOBP monomer was synthesized and the UV-vis spectral characteristics were used to
refine the predicted LUMO value.

2.2.3

Optical properties
Absorption spectra of the polymers (diluted to 10 µg/mL in THF) were taken using

a Perkin Elmer Lambda 850 spectrophotometer. Photoluminescence spectra were collected
using a Jobin-Yvon Fluorolog 3-222 Tau spectrometer. Figure 2.4a presents the absorbance
of tBu-PBD and the tBPOBP monomer. The absorption spectra of these two systems appear to be almost identical in spectral characteristics. The homopolymer poly(tBPOBP)
has an absorption profile that also overlays the monomer (cf. Figure 2.5) and tBu-PBD spectral data; the polymerization does little to influence the absorbance of the monomer [132].
In addition, Figure 2.4a presents the photoluminescence of tBu-PBD and the tBPOBP
monomer and indicates that the monomer exhibits a bathochromic shift of ca. 8-10 nm
relative to the small molecule with a corresponding reduction in emission fine structure.
The electronic absorption band edge of the oxadiazoles are within the wavelength
range of ca. 344-348 nm. The agreement between calculated LUMO energies and experimental electron affinities is often quite poor. Therefore, Table 2.2 also presents LUMO energies
based on the difference of DFT-derived HOMO values and the energy at the experimentally observed optical electronic absorption band edge. Employing this procedure results
in the LUMO values of tBu-PBD and tBPOBP differing by 0.07 eV. In addition, Figure
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Figure 2.4: Absorbance and photoluminescence spectra of (a.) tBu-PBD (—) & tBPOBP (-◦-) and (b.)
poly(CE76 -co-tBPOBP24 ); absorbance measured at 10.0 µg/mL and photoluminescence measured at 1.0
µg/mL (both in THF) with an excitation energy at a wavelength of 290 nm.

2.4b presents the UV-visible absorption and photoluminescence spectra of a CE/tBPOBP
copolymer (76/24 mol.%). For this poly(CE76 -co-tBPOBP24 ) copolymer, the influence of
the CE monomer residue is clearly seen by an absorption peak centered at 294 nm which is
assigned to the carbazole moiety since the oxadiazole has no absorption peak at this particular wavelength [1], while the photoluminescence spectra of the copolymer contains a major
peak centered at ca. 415 nm, which can be potentially attributed to a CE/tBPOBP exciplex
by its absence in the photoluminescence spectra of the homopolymers. In addition, Figure
2.5 also presents the absorption and photoluminescence spectra of some of the copolymers
of VK & tBPOBP and CE & tBPOBP in different molar ratios.
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Figure 2.5: Absorbance and photoluminescence spectra of monomers tBPOBP & CE, copolymers poly(VK73 -co-tBPOBP27 ), poly(CE47 -co-tBPOBP53 ), poly(CE62 -co-tBPOBP38 ) & poly(CE76 -cotBPOBP24 ) (—) and the homopolymers poly(tBPOBP) & poly(CE) (-◦-); absorbance measured at 10.0
µg/mL and photoluminescence measured at 1.0 µg/mL (both in THF) with an excitation energy at a wavelength of 290 nm.

2.2.4

Electrochemical properties
As a further comparison of the energetic profiles, the electrochemical characteris-

tics of the materials were investigated through cyclovoltammetry (CV) to estimate their
corresponding HOMO energy levels(cf. Table 2.2) [133]. This was performed by using an
ITO-coated glass slide as the working electrode which had a thin film of the polymer of
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interest deposited on it, an Ag/AgCl reference electrode, and a platinum wire as a counter
electrode. CV measurements were conducted in a 0.1 M LiClO4 acetonitrile solution at room
temperature with a scan rate of 50 mV/s; the electrochemical cell was calibrated against
ferrocene and the half-wave potential was estimated to be 400 mV against an Ag/AgCl
reference [134]. Since no reversible reduction process is observed for these polymers, the
LUMO energies were based on the difference of the measured oxidation potential (HOMO)
and the energy at the experimentally observed electronic absorption band edge [135, 136].
The homopolymers of poly(CE) and poly(tBPOBP) exhibit onset oxidation potentials of
1.1 V and 1.7 V vs. Ag/AgCl (cf. Figure 2.6), respectively. Knowing that the Ag/AgCl
energy level is ca. 4.4 eV below the vacuum level (EHOM O =-Eonset
ox -4.4), the HOMO energy
for poly(CE) was estimated to be 5.5 eV, while the LUMO energy was calculated to be
2.0 eV (relative to the vacuum level) from the observed electronic absorption band edge.
Similarly, poly(tBPOBP) exhibited a HOMO energy that was estimated to be 6.1 eV, while
the LUMO energy was 2.5 eV. The CV-derived oxidation potentials of tBu-PBD and PVK
(not presented) were similar to their corresponding oxadiazole and carbazole containing
counterparts and are presented in Table 2.2.
The CV-derived HOMO energies are similar to the electronic structure calculations,
with the experimentally observed values being more negative (i.e. energies relative to vacuum). The electrochemically derived HOMO energies for the carbazole containing polymers
are within ca. 0.2 eV of the calculated values, while the oxadiazole containing systems are
within ca. 0.4 eV. The QM-calculated LUMO energies are substantially lower than the CV
& optically derived values, consistent with previous correlations in calculated and experimental LUMO energies, though the trend within the materials studied is similar to the
experimentally observed values [137].

2.2.5

Electroluminescence properties
For the device fabrication, ITO anodes with a surface area of 0.4 cm2 were patterned

on 1.6 cm2 substrates using HCl (with zinc powder) to etch unwanted ITO. The patterned
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Figure 2.6: Cyclic voltammograms of (a.) poly(tBPOBP) and (b.) poly(CE) in 0.1 M LiClO4 acetonitrile
solution with a scan rate of 50 mV/s.

substrates were ultra-sonicated in acetone, then isopropanol, which was followed by an
air plasma treatment to remove any surface contamination. Copolymer solutions were
prepared in an argon atmosphere using dry, degassed tetrahydrofuran. Copolymer-based
and polymer/small molecule blend devices had films that were spun cast at a speed that
would yield 100 nm thick films as measured by contact profilometry, typically 2000 RPM
from a 19 mg/mL solution. These polymer films were spun cast onto substrates using a
Specialty Coating Systems G3-P8 spin coater and the film thickness was measured using a
Tencor Instruments Alpha-step 200 profilometer.
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All polymer solutions used for devices contained 0.3 wt.% coumarin 6 or 2.0 wt.%
Ir(ppy)3 . Cathode deposition was done in a Denton 502 vacuum evaporation chamber.
Cathodes were deposited (base pressure ca. 2x10−6 Torr) onto the substrates through a
steel shadow mask that resulted in two 2.5 mm metal strips running perpendicular to the
ITO anode. The cathode consisted of a 30 nm layer of calcium deposited at 1-2 Å/s and a
100 nm layer of aluminum deposited at 3-5 Å/s.
All device fabrication and performance testing was completed in a MBraun Unilab
glovebox under Argon atmosphere (O2 and H2 O ≤ 1 ppm). Devices were positioned in the
glove box such that the emitting surface was parallel to the collection optics of a calibrated
photodiode; the typical distance between an OLED and the calibrated photodiode was ca.
5 cm. Current-voltage characteristics of the devices were measured using a Keithley 228A
current-voltage source and a Keithley 2001 digital multimeter. Luminance measurements
were made using a Konica-Minolta LS-110 luminance meter. Current-voltage-luminance
characteristics were recorded automatically through the use of a BASIC program and GPIB
communication. Voltage was ramped in two volt increments every five seconds while current
and luminance values were simultaneously recorded.
The electroluminescence of the poly(CE76 -co-tBPOBP24 ) copolymer (76:24 molar
ratio) was studied in an ITO/(co)polymer & emitter/Ca/Al single-layer device. For optimal performance of a single layer donor/acceptor-based OLED, the energy associated
with an emission in the host must be transferred to an emitter through Förster or Dexter energy transfer, i.e. the emission of the polymer should overlap with the absorption of
the dye used in the device. The fluorescent coumarin 6 (C6) and phosphorescent tris(2phenylpyridine)iridium(III) [Ir(ppy)3 ] emitter provide a high degree of overlap with both
poly(CE76 -co-tBPOBP24 ) and a 70:30 wt.% PVK/tBu-PBD blend [122,138,139] (cf. Figure
2.7). Phosphorescent emitters doped into host materials are an attractive way to overcome
the efficiency limit of fluorescent dye derived OLEDs since phosphorescent emitters allow
for harvesting of singlet and triplet excitons and allow for the possibility of 100 % internal
quantum efficiency [26].
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Figure 2.7: Absorbance and photoluminescence spectra of coumarin 6 (C6) (-◦-) and tris(2-phenylpyridine)
iridium(III) [Ir(ppy)3 ] (-•-); both emitters in THF with an excitation energy at a wavelength of 400 nm (C6)
and 410 nm [Ir(ppy)3 ].

A number of C6 and Ir(ppy)3 -doped devices were studied under voltage and currentdriven conditions and Figure 2.8 presents a typical luminance response of these devices. The
C6-based copolymer devices exhibited a typical turn-on voltage of 12 V with a maximum
luminance of ca. 400 cd/m2 and did not exhibit significant changes with aging at elevated
temperatures; this turn-on voltage could be lowered by the use of an interlayer on the
anode (e.g., PEDOT:PSS) but was not employed due to its unpredictable impact on the
thermal aging of the active layer. For all the devices studied, the electroluminescent spectra
matched the photoluminescence spectra of the device’s corresponding emitter (cf. Figure
2.7), indicating a complete energy transfer from the polymeric active layer to either C6 or
Ir(ppy)3 .
Figure 2.9a presents the change in mean luminance of a poly(CE76 -co-tBPOBP24 )
device with thermal aging; the mean values are based on a sampling of 10-16 pixels, while
the error bars represent the highest and lowest value within the sampling group. The devices
were aged at a prescribed temperature for 24-hours in an Argon environment, prior to the
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Figure 2.8: Typical luminance characteristics of Coumarin 6-based and Ir(ppy)3 -based devices with
poly(CE76 -co-tBPOBP24 ) (-◦-) and PVK/tBu-PBD blend (70:30 wt.%) (-•-) under voltage-driven (C6)
and current-driven [Ir(ppy)3 ] conditions. Configuration of single-layer devices was ITO/polymeric layer &
emitter/Ca/Al; tested at 23 ◦ C.

thermal evaporation of the cathode on the organic layer. The aging of devices in an inert
atmosphere without a cathode was utilized as a measure to control the formation and growth
of non-emissive dark spots [140]. Earlier efforts suggest that the localized delamination of
the cathode from the organic layer in thermally aged devices is one of the mechanisms for
the formation of dark spots and is in response to a released absorbed or decomposition gas
within the active layer [141, 142].
The devices were heated at relatively low temperatures to mimic the temperatures
the devices might experience in service [143, 144]. The copolymer C6-based devices exhibit
a relatively constant luminance value over the entire aging temperature range, with only a
slight reduction in the 120-130 ◦ C aging regime. In contrast, the corresponding PVK/tBuPBD blend system (cf. Figure 2.9a) exhibits a significant reduction in performance with
thermal aging relative to the copolymer system. The blend system exhibits a mean luminance value of 2500 cd/m2 when initially fabricated, a value routinely seen with this system
when a fluorescent emitter is employed [15], but with a 24-hour 130 ◦ C thermal treatment,
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Figure 2.9: Variation in mean luminance of (a.) Coumarin 6-based devices for poly(CE76 -co-tBPOBP24 )
(-◦-) (blue) and PVK/tBu-PBD blend (70:30 wt.%) (-◦-) (red) devices with thermal treatment. Variation in
mean luminance efficiency of (b.) Coumarin 6-based devices for poly(CE76 -co-tBPOBP24 ) (-◦-) (blue) and
PVK/tBu-PBD blend (70:30 wt.%) (-◦-) (red) devices with thermal treatment. Configuration of single-layer
devices was ITO/polymeric layer & C6/Ca/Al. Error bars represent the highest and lowest value within the
sampling group.

the observed luminance drops to 1.6 cd/m2 , a 3-order of magnitude reduction. The corresponding Ir(ppy)3 -based devices exhibit significantly higher mean luminance values for
both the copolymer and blend systems, relative to the C6-based devices, with all thermal
aging temperatures (cf. Figure 2.10a); the blend-based devices exhibited a large variation
in observed luminance values ranging from 18,119 cd/m2 to 213 cd/m2 , resulting in a mean
and standard deviation of 6,631 ± 5,193 cd/m2 for all thermally aged samples. In contrast,
the performance of the copolymer Ir(ppy)3 -based devices was relatively invariant with all
thermal aging, exhibiting a mean luminance of 3,552 cd/m2 with only a 619 cd/m2 standard
deviation (cf. Figure 2.10a).
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Figure 2.10: Variation in mean luminance of (a.) Ir(ppy)3 -based devices for poly(CE76 -co-tBPOBP24 )
(-◦-) (blue) and PVK/tBu-PBD blend (70:30 wt.%) (-◦-) (red) devices with thermal treatment. Variation
in mean luminance efficiency of (b.) Ir(ppy)3 -based devices for poly(CE76 -co-tBPOBP24 ) (-◦-) (red) and
PVK/tBu-PBD blend (70:30 wt.%) (-◦-) (blue) devices with thermal treatment. Configuration of singlelayer devices was ITO/polymeric layer & Ir(ppy)3 /Ca/Al. Error bars represent the highest and lowest value
within the sampling group.

The luminance efficiencies for the fluorescent C6-based copolymer and blend-based
devices mimic their luminance results and are presented in Figure 2.9b. The efficiency of
the copolymer devices are relatively unaffected with the aging conditions, exhibiting a mean
and standard deviation in efficiency of 0.33 ± 0.08 cd/A, while the blend devices exhibit a
significant drop in overall performance with aging, resulting in a reduced mean efficiency
of 0.38 cd/A, relative to initial values (i.e. 1.6 cd/A), and large standard deviation of 0.40
cd/A. The luminance efficiencies for the Ir(ppy)3 -based copolymer and blend-based devices
also mimic their luminance results and are significantly higher relative to their corresponding C6-based devices. The copolymer and blend devices exhibited efficiencies of 12.1 ± 1.5
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cd/A and 4.4 ± 2.9 cd/A (mean and standard deviation), respectively. The copolymerbased Ir(ppy)3 devices exhibited a relatively invariant luminance efficiency with thermal
aging as indicated by a standard deviation that was only 12% of the mean luminance efficiency, while the larger scatter observed in the luminance efficiency of the blend-based
Ir(ppy)3 devices resulted in a standard deviation that was 66% of the mean luminance efficiency. As expected, the utilization of a phosphorescent emitter doped into a host material
dramatically increases the luminance efficiency of the devices relative to a fluorescent dye
since the phosphorescent emitter allows for utilization of both singlet and triplet excitons in
photon creation. Nonetheless, the copolymer-derived devices exhibited a much larger gain in
luminance efficiency of ca. 37 times with the transition from a fluorescent to phosphorescent
emitter.

Figure 2.11: Optical image of (a.) PVK/tBu-PBD blend (70:30 wt.%) & (b.) poly(CE76 -co-tBPOBP24 )
copolymer films after initial spin-casting; same (c.) blend and (d.) copolymer film after a 24 hour thermal
treatment at 130 ◦ C. Scale bar applicable to all images. Inset presents profile scan off ITO edge of blend
(—) and copolymer film (-◦-) after a 24 hour thermal treatment at 130 ◦ C.
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2.2.6

Film morphology
Even though the temperatures used in this study are relatively low, OLEDs have

shown to be sensitive to the mobility of small molecules in the system due to their phase
separation and/or recrystallization [16, 145]. Figure 2.11 presents an optical image of thin
films of PVK/tBu-PBD/coumarin 6 and poly(CE76 -co-tBPOBP24 )/coumarin 6 after spincasting, and after being subjected to a 130 ◦ C thermal aging. Clearly, the PVK/tBuPBD/coumarin 6 blend (cf. Figure 2.11c) has undergone phase separation with the thermal
aging while the copolymer system (cf. Figure 2.11d) has not. The inset (cf. Figure 2.11d)
presents a profile scan off the ITO edge (150 nm edge height) of the blend and copolymer
film after the 130 ◦ C thermal treatment; the copolymer film is relatively flat while the
blend exhibits a waviness with a crest-to-trough height of 30 nm and a periodicity of 25
µm; Ir(ppy)3 doped copolymer and blend films exhibited similar characteristics. Neat PVK
has a Tg of ca. 225 ◦ C which is significantly higher than the thermal aging temperature.
Nonetheless, when the tBu-PBD is added to the polymer host in the large quantities of this
system (70:30 wt.% PVK/tBu-PBD), the measured glass transition of the blend is significantly reduced [146]; previous efforts on PVK/tBu-PBD blends with similar constituent
ratios have indicated that the glass transition is ca. 120 ◦ C [16]. As the temperature of
aging was increased, tBu-PBD can phase separate and potentially recrystallize out of the
blend, resulting in the observed performance reduction of the device [16]. In the case of the
copolymers, the carbazole and oxadiazole units are attached to a common backbone and the
phase separation of either moiety is restricted. In addition, the temperatures used to thermally age the copolymer devices were significantly less than the measured glass transition
of the copolymer utilized in the devices; the copolymer poly(CE76 -co-tBPOBP24 ) exhibited
a Tg of 157 ◦ C.
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2.3

Experimental
All the commercial reagents were purchased from Sigma-Aldrich, Acros Organics and

Fisher Scientific and used without further purification. PVK was crystallized in methanol
prior to use. All the solvents were dried according to standard methods.
1H

NMR spectra of monomers and polymers were collected on a JEOL Delta 2 300

MHz spectrometer. All chemical shifts are reported against TMS. Mass spectrometry of
the monomers was studied with a Shimadzu GC-17 GC-mass spectrometer.

Figure 2.12: Synthetic route to the monomer 4’-(5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl)biphenyl-4-yl
2-methacrylate (tBPOBP).

2.3.1

Preparation of 4’-(5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl)biphe
nyl-4-yl 2-methacrylate (tBPOBP)
4’-methoxybiphenyl-4-carbonitrile (2) 2-cyanophenylboronic acid (9.036 g, 61.5

mmol), 4-iodoanisole (14.042 g, 60 mmol) (1), palladium (II) acetate (0.036 g, 0.162 mmol)
and triphenyl phosphine (0.114 g, 0.438 mmol) was dissolved in 85 mL of 2-propanol. This
solution was then heated to 80 ◦ C under nitrogen. Once dissolved, a solution of sodium
carbonate (10.81 g, 102 mmol) in 58 mL deionized water was added to this reaction mixture.
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The reaction mixture initially turned brown and then slowly turned green; the solution was
stirred for 24 hours. The reaction mixture was then allowed to cool to room temperature
and then precipitated into 100 mL of deionized (DI) water. The precipitate was collected
which contained palladium (II) acetate. In order to remove the catalyst, the precipitate
was recrystallized in ethanol; the product is soluble in hot ethanol while the catalyst is not.
The final product was then filtered and dried in a vacuum oven at 70 ◦ C. Yield: 8.83 g
(70%). Melting point: 103 ◦ C. 1 H NMR (CDCl3 ) 7.68 (d, 2H), 7.63 (d, 2H), 7.53 (d, 2H),
7.00 (d, 2H), 3.86 (s, 3H).
5-(4’-methoxybiphenyl-4-yl)-2H -tetrazole (3) 4’-methoxybiphenyl-4-carbonit
rile (2) (8.83 g, 42.248 mmol), sodium azide (4.119 g, 63.37 mmol), and ammonium chloride
(3.389 g, 63.37 mmol) was dissolved in 62 mL of N,N-dimethylformamide. This solution
was then heated to 100 ◦ C and stirred for at least 24 hours. The reaction mixture was then
allowed to cool to room temperature and precipitated in 600 mL of deionized (DI) water.
The precipitate was collected, reprecipitated in DI water 3-4 times, and dried in a vacuum
oven at 70 ◦ C. Yield: 10.1 g (95%). Melting point: 248 ◦ C. 1 H NMR (CDCl3 ) 8.11 (d, 2H),
7.88 (d, 2H), 7.73 (d, 2H), 7.07 (d, 2H), 3.82 (s, 3H).
2-(4-tert-butylphenyl)-5-(4’-methoxybiphenyl-4-yl)-1,3,4-oxadiazole (4)
To a solution of 5-(4’-methoxybiphenyl-4-yl)-2H -tetrazole (3) (10.1 g, 40.036 mmol) in
pyridine (105 mL), 4-tert-Butylbenzoyl chloride (8.6 mL, 44.039 mmol) was added and the
reaction mixture was refluxed (115 ◦ C) for 2 hours under nitrogen. 600 mL of deionized
(DI) water was added to the cooled mixture to precipitate the product. The precipitate was
filtered, reprecipitated in DI water 3-4 times and dried in a vacuum oven at 70 ◦ C. Yield:
15.222 g (99%). Melting point: 176 ◦ C. 1 H NMR (CDCl3 ) 8.17 (d, 2H), 8.08 (d, 2H), 7.71
(d, 2H), 7.60 (d, 2H), 7.56 (d, 2H), 7.01 (d, 2H), 3.87 (s, 3H), 1.38 (s, 9H).
4’-(5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl)biphenyl-4-ol (5) Dichloro
methane (150 mL) was combined with 2-(4-tert-butylphenyl)-5-(4’-methoxybiphenyl-4-yl)1,3,4-oxadiazole (4) (15.222 g, 39.592 mmol) and the solution was sparged with nitrogen at
room temperature. Boron tribromide (18.64 mL, 197.168 mmol) was added to this solution
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using a syringe. The reaction mixture was stirred under nitrogen for 24 hours. The product
was precipitated in 700 mL deionized (DI) water and filtered; this procedure was done an
additional 3-4 times. The product was then refluxed in acetic acid; the solution was cooled
where the solid precipitate appeared. The precipitate was filtered and dried in a vacuum
oven at 70 ◦ C. Yield: 12.53g (85%). Melting point: 235 ◦ C. 1 H NMR ((CD3 )2 SO) 9.75 (s,
1H), 8.14 (d, 2H), 8.07 (d, 2H), 7.85 (d, 2H), 7.66 (d, 2H), 7.63 (d, 2H), 6.91 (d, 2H), 1.34
(s, 9H).
4’-(5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl)biphenyl-4-yl 2-methacryl
ate (tBPOBP) (6) 4’-(5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl)biphenyl-4-ol (5) (12.53
g, 33.824 mmol) was dissolved in tetrahydrofuran (162 mL). Triethylamine (6.364 mL,
45.663 mmol) was added and the reaction mixture was allowed to stir in an ice bath for 30
minutes. Methacryloyl chloride (4.13 mL, 42.281 mmol) was slowly added over a period of
10 minutes. Afterwards, the ice bath was removed and the mixture was allowed to stir at
room temperature for 16 hours. The reaction mixture was then precipitated in 800 mL of
deionized (DI) water. The precipitate was collected, reprecipitated in DI water 3-4 times.
The resulting off-white solid was then recrystallized using ethanol. Yield: 11.24 g (76%).
Melting point: 147 ◦ C. 1 H NMR (CDCl3 ) 8.20 (d, 2H), 8.08 (d, 2H), 7.74 (d, 2H), 7.67 (d,
2H), 7.56 (d, 2H), 7.25 (d, 2H), 6.39 (s, 1H), 5.79 (s, 1H), 2.09 (s, 3H), 1.38 (s, 9H).

Figure 2.13: Synthetic route to the monomer 2-(9H -carbazol-9-yl)ethyl methacrylate (CE).
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2.3.2

Preparation of 2-(9H -carbazol-9-yl)ethyl methacrylate (CE)
Preparation of 2-(9H -carbazol-9-yl)ethyl methacrylate (CE) (8) 9H -carbaz

ole-9-ethanol (7) (15 g, 71 mmol) was dissolved in dichloromethane (50mL). Triethylamine
(12.4 mL, 89 mmol) was added and the reaction mixture was allowed to stir in an ice bath
for 30 minutes. Methacryloyl chloride (8.7 mL, 89 mmol) was slowly added over a period of
10 minutes. Afterwards, the ice bath was removed and the mixture was allowed to stir at
room temperature for 2 hours. The reaction mixture was then washed with water and brine;
the resulting organic phase was dried over anhydrous sodium sulfate. The organic layer was
then filtered and dried under reverse pressure. The product was then reprecipitated in
methanol 3-4 times and dried in a vacuum oven at 70 ◦ C. Yield: 17.8 g (90%). Melting
Point: 86 ◦ C. MS (m/z; [M+]) for C18 H17 N1 O2 : 279 (calc: 279).

1H

NMR (CDCl3 ) 8.13

(d, 2H), 7.47 (m, 4H), 7.26 (m, 2H), 5.94 (s, 1H), 5.48 (s, 1H), 4.63 (t, 2H), 4.55 (t, 2H),
1.82, (s, 3H).

2.4

Conclusion
An electron-transporting monomer was synthesized that was structurally and ener-

getically similar to the small molecule 2-biphenyl-4-yl-5-(4-tert-butylphenyl)-1,3,4-oxadiazole
(tBu-PBD). The monomer was copolymerized with 2-(9H -carbazol-9-yl)ethyl 2-methylacryl
ate and the resulting copolymer was utilized in fabricating OLEDs which employed fluorescent coumarin 6 (C6) or phosphorescent tris(2-phenylpyridine)iridium(III) [Ir(ppy)3 ] emitters. The C6-based copolymer devices exhibited a stable mean luminance of ca. 400 cd/m2
with thermal aging at temperatures ranging from 23 ◦ C to 130 ◦ C, while a comparable
C6-based poly(9-vinyl-9H -carbazole)/tBu-PBD blend device exhibited a ca. 3-order drop
from an initial mean luminance of 2500 cd/m2 ; the reduction in performance was attributed
to phase separation in the blend. Profile scans of the blend and copolymer films after the
130 ◦ C thermal treatment indicated that the copolymer film was relatively flat while the
blend exhibited a waviness with a crest-to-trough height of 30 nm and a periodicity of 25
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µm. Ir(ppy)3 -based copolymer and blend devices exhibited significantly higher luminance
and luminance efficiencies relative to the C6-based devices and less pronounced variations
in performance with thermal aging.
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Chapter 3

Exploiting “click” chemistry for
the surface modification of colloids.
3.1

Introduction
At the core of my Ph.D. dissertation was the objective of developing synthetic

procedures to create colloidal particles with electro active & emitting moieties for use in
the construction of colloidally-based OLEDs. Once my studies had progressed through the
development and characterization of novel electroactive moieties, described in Chapter 2,
my new objective was to discover ways to attach these and chemically similar moieties onto
aqueous based colloidal particles. The techniques developed in my pursuit of this objective
are presented in this chapter.
In the context of biology, nanotechnology refers to cellular, molecular, and engineered materials which are characterized by clusters of atoms, molecules, and molecular
fragments. These nanoscale entities, specifically objects with dimensions under 100 nm,
can travel throughout the body where size-exclusion plays a role in their available configuration space [147]. Material designers can exploit the size-dependent permeability of the
body to fabricate systems that can readily interact with targeted biomolecules on either
their exterior or interior [148]. This specific access to regions within the body may allow
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for the development of radically new detection and treatment delivery systems. Specifically, the therapeutic value of early detection of some diseases, such as breast cancer, has
spurned an interest in exogenous contrast agents which can optically image markers that
are unique to specific cell types at the onset of a disease. To this end, fluoroprobes are
being developed to achieve this selective imaging sensitivity [77, 78, 149]. These particulate
systems usually constitute the doping of a nanoparticle with an emitting species, resulting
in the extension of circulation half-life and in vivo stability relative to the free constituent
emitting molecules [85]. These latter features can be improved by controlling the dimensional polydispersity of the particles and enhancing the loading-level and retention of the
emitting species within the particles. One optical parameter of importance is the Stokes
shift exhibited by the particles.
A large Stokes shift is an important determinant of the ultimate sensitivity of a
fluoroprobe, where scattering and background fluorescence can interfere with the detection
of low concentrations of an analyte and the ability to manipulate the separation between
the excitation and emission wavelengths is a critical parameter for optimal detection. A
donor/acceptor pair that exhibits overlap in the donor’s fluorescence and the acceptor’s
absorption spectra and which are spaced within the Förster radius (Förster resonance energy transfer (FRET)) can be used to achieve energy transfer and adjust the magnitude
of the Stokes shift. Repeated energy transfer between a number of judiciously chosen
chromophores can result in a significant Stokes shift, whereby the most notable “multichromophore” energy transfer system are the light-harvesting pigment/protein systems of
photosynthetic organisms [150]. These networks absorb sunlight predominately in the visible
region and transfer their excitations to the reaction centers where photochemistry begins.
A few studies have been reported on the application of multi-FRET in polymer particles to
realize large Stokes shift with common organic dyes [151, 152], though most of these efforts
have employed free dyes within the particles, resulting in potential dye leakage and a lack
of dye spatial control.
In the current effort, we propose a general strategy for the preparation of aqueous44

phase nanoparticles that are surface-functionalized with emissive moieties through a “click”
chemistry [52–54] approach that results in a multi-FRET system with a large Stokes shift.
Click transformations, specifically the copper(I)-catalyzed reaction between azides and terminal alkynes to form the stable heterocyclic linker, 1,4-disubstituted 1,2,3-triazole [55],
have found widespread acceptance in the materials science community. Azides and alkynes
are relatively inert to various solvents (including water), molecular oxygen, and common
reaction conditions in organic synthesis. These advantages are particularly useful for attaching multi-functional molecules to surfaces [59–65]. The stability of azides and alkynes
in aqueous solutions enables these functionalities to act as inert chemical handles for a range
of selective chemical reactions and, in particular, offers a facile route to modify particles
composed of semiconductor [66,67], metallic [68–71], or biological/organic materials [72–75].
The majority of previous efforts in developing general methodologies for modifying
the surface functionality of nanoparticles through click chemistry have either (1) utilized
organic solvent mediums, due to the lack of water solubility of the intended functionalities [66–68, 70, 71] or were (2) limited to water-soluble functionalities when the transformation was performed in water. Efforts falling in the latter class have generally taken
the form of the moieties of interest being modified with poly(ethylene glycol) (PEG) to
enhance the water solubility [54, 153]. A recent effort presented a route for the surface
functionalization of aqueous-based poly(styrene-co-4-vinylbenzyl chloride) spheres through
a click transformation, but the grafting density was limited due to the small amount of
4-vinylbenzyl chloride that could be incorporated in the spheres [72]. For the development of fluoroprobes, the advantages of modifying stable aqueous-phase colloidal particles
with functionalities that are relatively water insoluble, for example, near-infrared emitting
dyes, and being able to achieve high grafting densities, is advantageous since transferring
the particles to an organic solvent to perform the modification may result in irreversible
particle aggregation. The attachment of water-insoluble or sparingly soluble moieties to
particles dispersed in water at significant loadings has not been presented. To that end,
the presented procedure employs aqueous phase particles which undergo the click transfor45

mation with azide-terminated molecules that are sparingly soluble in water. To enhance
the water-solubility of the molecules, the click transformation is performed in the presence
of β-cyclodextrin (β-CD). This cyclodextrin is a cyclic glucose oligosaccharide composed of
7 D-glucopyranonsyl residues linked by α-1,4 glycosidic bonds and exhibits an outer surface which is hydrophilic, while the inner surface is hydrophobic and can bind non-polar
suitably-sized aliphatic and aromatic compounds. This binding allows cyclodextrins to be
used to increase the water solubility of normally hydrophobic compounds and have been
utilized to emulsion polymerize relatively water insoluble monomers [154–156]. This general
strategy is demonstrated through the attachment of azide-functionalized emissive moieties
to poly(propargyl acrylate) (PA) particles to achieve a multi-FRET system with a large
Stokes shift.

3.2

Results & discussion
The synthetic approach for attaching azide-functionalized moieties to the surface of

the PA spheres is presented in Figure 3.1. The PA colloids were prepared using a standard
aqueous emulsion polymerization technique with sodium dodecyl sulfate as the surfactant
and potassium persulfate as the initiator. The propargyl acrylate was copolymerized with
divinyl benzene as a crosslinker, while the comonomer 3-alloxy-2-hydroxy-1-propanesulfonic
acid sodium salt was also incorporated to increase the surface charge density of the particles
and enhance their stability. The preparation and surface modification of the particles have
been discussed in detail in Section 3.3.5. The copper catalyzed click transformations were
done in water with the addition of β-CD to enhance the water solubility of the various
moieties (e.g., AC, AO, AD1, and AD2 (cf. Figure 3.1)) that were grafted onto the particles.
Moieties which incorporate oxadiazolyl (AO) and carbazolyl (AC) groups are blue emitters
and routinely utilized for their electron and hole transporting properties, respectively [1,
122], while the azide-modified chromophores AD1 & AD2 are green fluorescent dyes; the
synthesis of these molecules are presented in the experimental section (cf. Section 3.3). A
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Figure 3.1: Poly(propargyl acrylate) (PA) particles and their surface modification with 9-(3azidopropyl)-9H -carbazole
(AC),
2-[4-(azidomethyl)phenyl]-5-(1-naphthyl)-1,3,4-oxadiazole
(AO),
7-[(2-azidoethyl)(ethyl)amino]-3-(1,3-benzothiazol-2-yl)-2H -chromen-2-one (AD1),
and 2-(23-azido3,6,9,12,15,18,21-heptaoxatricos-1-yl)-6-piperidin-1-yl-1H-benzo[de]isoquinoline-1,3(2H)-dione
(AD2).
Schematic of the inclusion complexation of AO within β-cyclodextrin.

schematic of a potential configuration for the inclusion complexation of AO within β-CD
is presented in the lower section of Figure 3.1. Previous efforts have indicated that various
forms of CD are effective in forming inclusion complexes with molecules that incorporate the
1,3,4-oxadiazole ring [157–159], while carbazole-containing molecules have been the focus
of a number of studies on the alteration of its luminance characteristics with inclusion in
CDs [160–165]. The far right image in Figure 3.1 presents the proposed arrangement of AO
attached to a particle through a triazole.
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3.2.1

Elemental (CHNS/O) analysis
Elemental analysis of the PA particles and the clicked particles were completed using

a Perkin-Elmer 2400 Series II CHNS/O analyzer; a stochastic modeling software package
was written in-house to analyze the elemental results and derive particle grafting densities.
Table 3.1 presents the C, H, and N concentrations of the neat and surface modified particles.
The elemental combustion analysis was performed in order to derive a probable surface
grafting density after the click transformation. Theoretically, the neat PA particles have no
nitrogen and the observed nitrogen level of ca. 0.2 wt. % is within the experimental error of
the measurement. In contrast, all of the surface-modified particles exhibit nitrogen levels
ranging from 1.5 wt. % to 3.1 wt. %. The particles modified with the oxadiazole group
(PA/AO) exhibit a nitrogen level of 1.5 wt. % when the grafting was performed without
β-CD, while when the transformation was done with the oligosaccharides the resulting
particles had a significant increase in observed nitrogen of 2.5 wt. %. Similar results were
seen when the PA particles were modified with AD1 or AD2 (cf. Table 3.1); the utilization
of β-CD with the dyes resulted in elevated nitrogen concentrations suggesting a higher
grafting density.
Table 3.1 presents the grafting density of the particles derived from the elemental
analysis. The PA/AO particles exhibit a marked difference in the amount of AO grafted onto
the surface of the particles when the click transformation was performed in the presence
of the β-CD. Without the oligosaccharide, the AO exhibits a surface grafting density of
1.0 AO groups/nm2 on the particles (ca. 21k AO moieties/particle), while with the βCD the density is 1.9 AO groups/nm2 (ca. 38k AO moieties/particle), representing an 84%
increase in grafting density. It is speculated that the formation of the [β-CD]/[AO] inclusion
complex during the click transformation makes available more AO to be attached to the
particle surface during the reaction period.
Similarly, the initial grafting density of 1.56 AD1 groups/nm2 for the PA/AD1
particles was increased by 17% to 1.82 AD1 groups/nm2 when the transformation was
performed in the presence of β-CD, while for AD2 the increase in grafting density was
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5% (cf. Table 3.1). Due to its structural characteristics, AD1 is not water soluble and
the utilization of the oligosaccharides is effective in enhancing the amount of dye available
during the click transformation, resulting in a higher grafting density. In contrast, the
relatively elevated affinity of AD2 to water incurred by its azide-terminated PEG linkage
resulted in a higher initial grafting density of 2.22 AD2 groups/nm2 , a grafting density
that was only slightly enhanced by the utilization of β-CD to 2.32 AD2 groups/nm2 . This
relative affinity to water and the influence of β-CD in incorporating AD1 and AD2 was
confirmed by a preliminary fluorescence analysis of the β-CD:AD1 and β-CD:AD2 inclusion
complexes; β-CD is less effective in raising the concentration of AD2 in an aqueous solution
relative to AD1. The creation of supramolecular architectures between the β-CD and the
oxadiazole [158] & dyes [166], coupled with both an enhanced availability and reactivity at
the transformation site [167–169], may account for their higher grafting densities on the PA
particles.
In contrast, the particles modified with AC exhibited a reduced sensitivity to β-CD;
a number of different batches of PA/AC particles were analyzed, with all the systems that
underwent the click transformation (with or without β-CD) for 48 hours exhibiting nitrogen
levels of ca. 3.0 wt. %. Based on the insensitivity of the nitrogen level in the PA/AC particles
with available β-CD during the transformation, it was presumed that a nitrogen content
of 3.0 wt. % represented an upper-limit in grafting density of the AC to the PA particles.
To assess this assumption, a number of click transformations were terminated after only 5
hours. These latter surface-modified particles exhibited lower nitrogen levels of 1.9-2.1 wt.
%. For the PA/AC particles which underwent a 48 hour click transformation, the surface
grafting density is ca. 3.55 AC groups/nm2 without the use of β-CD and corresponds to
a 100% coverage if the distance of a carbazole ring at its widest point (ca. 7 Å) can be
assumed to define the diameter of a cylinder enclosing the moiety and attached to the PA
surface [170]; each particle has then ca. 70k AC moieties. Utilization of β-CD in the click
transformation results in a lower grafting density of ca. 3.40 AC groups/nm2 , a 4% reduction
relative to the β-CD free reaction. The retardation effect is more pronounced in the 5 hour
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click transformation where the difference in grafting density is 2.02 AC groups/nm2 for the
β-CD free reaction relative to 1.87 AC groups/nm2 for the reaction which utilized β-CD, a
17% reduction. Preliminary fluorescence analysis of the intensity enhancement for a range
of β-CD/AC ratios confirmed a negligible influence of β-CD in raising the concentration
of AC in an aqueous solution. These results suggest that β-CD acts to slightly hinder the
attachment of AC to the particles during the click transformation.

3.2.2

X-ray Photoelectron Spectroscopy (XPS) analysis

Figure 3.2: Survey XPS scan for the (a.) neat poly(propargyl acrylate) (PA) particles and (b.) surface
modified PA/AC particles.

Table 3.1 indicates that the pure PA particles incorporate ca. 22% of DVB, a ratio
which is in agreement with the theoretical feed value of 80:20 PA:DVB. The utilization of
DVB was to insure that the particles were extensively cross-linked, though the vinyl group
and alkyne group on the PA monomer both participate during the emulsion polymerization
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and can form gel material [171]. The 80:20 PA:DVB ratio was corroborated by X-ray
photoelectron spectroscopy (XPS), which indicated that the neat PA particles exhibited a
C:O ratio of 83:17. XPS is an invaluable characterization tool for assessing the composition
on a surface since this technique has a penetration depth of ca. 10 nm [172] and can identify
elements and their oxidation states present on the surface of the particles. XPS spectra were
recorded for the functionalized surfaces by a Kratos Axis 165 X-ray spectrometer (Al Kα
radiation, 12 kV). Measurements were done at pass energies of 40 eV for the survey scans.
The detail scans were also performed at pass energies of 40 eV with a beam spot size of 30
µm. The base pressure for all measurements was no higher than 5x10−8 Torr. Spectra were
fitted with a convolution of Lorentzian and Gaussian profiles. The C1s high resolution XPS
scans indicate a preponderance of atoms with a binding energy of 284.5 eV, corresponding
to carbons in the propargyl group and methylene backbone. Two additional peaks at 286.1
eV and 288.7 eV are attributed to the carbon bonded to oxygen through a double and single
bond, respectively [173]. With regard to the O1s, the high resolution scans indicate oxygen
with a binding energy of 531.4 eV and 532.9 eV, attributed to the carbonyl and ether oxygen,
respectively. As expected, the neat PA particles do not contain a nitrogen signature (cf.
Figure 3.2a). In contrast, the surface modified PA/AC particles clearly exhibit a nitrogen
signature attributed to both the triazole ring as well as the nitrogen within the carbazole
moiety (cf. Figure 3.2b).
The surface-modified PA/AC & PA/AO particles exhibited similar binding energies,
relative to the neat PA particles, in the high resolution XPS scans for both carbon and oxygen, but the scans exhibited an additional peak attributed to nitrogen. The appearance of
nitrogen in the PA/AO particles is confirmation that the oxadiazole ring has been attached
to the surface of the particle and is verified by the appearance of a single 400 eV peak in
the high resolution N1s scans. Two peaks at binding energies of 400 eV and 405 eV have
been observed in the case of azides as the nitrogen atoms exist in two oxidation states,
while a single broad peak at a binding energy of 400 eV is attributed to the nitrogens in a
triazole [174]. The PA/AO particles which did not employ the β-CD also exhibit a single
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yes
no
yes
no
yes
no
yes
no
yes
no
yes

elemental (weight
C
H
72.277±0.264 6.133±0.046
71.063±0.179 5.783±0.075
71.497±0.317 5.947±0.101
71.693±0.354 5.970±0.114
71.605±0.247 6.015±0.106
71.523±0.363 6.163±0.093
71.523±0.335 6.130±0.040
68.670±0.563 5.607±0.102
69.413±0.558 5.663±0.106
69.487±0.325 6.053±0.142
69.310±0.070 6.110±0.149
71.380±0.267 5.917±0.102
N
0.240±0.035
2.530±0.050
1.513±0.105
2.973±0.021
3.090±0.014
1.980±0.036
2.100±0.089
1.943±0.006
1.817±0.021
2.167±0.045
2.093±0.076
2.683±0.060

%)
PA
0.784
0.761
0.772
0.744
0.743
0.762
0.760
0.755
0.758
0.749
0.750
-

composition (molar fraction)
DVB
AC
AO
AD1
0.216
0.210
0.029
0.212
0.016
0.205 0.051
0.204 0.053
0.209 0.029
0.208 0.031
0.217
0.028
0.217
0.024
0.215
0.215
0.036
0.034
-

AD2
-

density
1.91
1.04
3.40
3.55
1.87
2.02
1.82
1.56
2.32
2.22
-

(+5 %)

(+17 %)

(-7 %)

(-4 %)

(+84 %)

(group/nm2 )

5-(1-naphthyl)-1,3,4-oxadiazole (AO), 9-(3-azidopropyl)-9H -carbazole (AC), 7-[(2-azidoethyl)(ethyl)amino]-3-(1,3-benzothiazol-2-yl)-2H -chromen-2-one
(AD1), and 2-(23-azido-3,6,9,12,15,18,21-heptaoxatricos-1-yl)-6-piperidin-1-yl-1H-benzo[de]isoquinoline-1,3(2H)-dione (AD2); results based on elemental
(combustion) analysis. Click reactions conducted for 48 hours unless otherwise indicated.

Table 3.1: Composition and surface grafting density of poly(propargyl acrylate) (PA) particles surface modified with 2-[4-(azidomethyl)phenyl]-

PA
PA/AO
PA/AO
PA/AC
PA/AC
PA/AC (5 hrs)
PA/AC (5 hrs)
PA/AD1
PA/AD1
PA/AD2
PA/AD2
PA/AC/AO

in reaction

β-CD utilized

400 eV peak attributed to both nitrogens in the triazole as well as the oxadiazole ring [175].
In addition, all the PA particles modified with AC exhibited a single 400 eV peak in the
high resolution XPS scans, attributed to nitrogens both in the triazole as well the carbazole
moiety.

3.2.3

Thermogravimetric Analysis (TGA)

Figure 3.3: Thermogravimetric analysis of poly(propargyl acrylate) (PA) particles (-◦-) and surface modified PA/AC particles(—).

Figure 3.3 presents the thermogravimetric analysis (TGA) of neat poly(propargyl
acrylate) (PA) particles and indicates that these particles exhibit an onset temperature to
thermal decomposition of 380 ◦ C. The highly crosslinked nature of the particles is corroborated by the TGA studies which indicate that, even at a temperature of 600 ◦ C, 24.1% of
the weight is retained due to the formation of amorphous carbon. Functionalization of the
particles with AC results in a lower retained weight of 23.0% at 600 ◦ C. It is clear that the
functionalized particles exhibit an earlier onset temperature and the lower weight at 600 ◦ C
is indicative of the loss of the components of the AC from the particles.
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3.2.4

Inclusion complex formation

Figure 3.4: Relative photoluminescence (PL) spectra of 2-[4-(azidomethyl)phenyl]-5-(1-naphthyl)-1,3,4oxadiazole (AO) when incorporated into β-CD/AO complex; molar ratio [β-CD]/[AO] = 0, 1.4, 36.0, and
356.0. Excitation energies at a wavelength of 290 nm.

Photoluminescence (PL) and photoluminescence excitation (PLE) spectra for this
work were collected using a Jobin-Yvon Fluorolog 3-222 Tau spectrometer. Figure 3.4
presents the fluorescence spectra of AO (2.78x10−5 M) in aqueous solutions of β-CD. The
photoluminescence intensity of AO significantly increases and a small hypsochromic shift
(ca. 5 nm) occurs when the AO is transferred from pure water to the aqueous solutions of
β-CD. This suggests that the AO migrates from the water to a less aqueous site and an
inclusion complex is formed with the β-CD, resulting in a higher concentration of the AO
dispersed in the aqueous solution. Previous efforts on the structurally similar molecule, 2phenyl-5-(4-diphenylyl)1,3,4-oxadiazole (PBD), combined with β-CD in aqueous solutions,
found that the 1:1 inclusion complex was preferred [159]. Assuming that β-CD:AO complex
prefers the 1:1 coupling, the predicted intensity I is

I=

I0 + I1 K1 [CD]0
,
1 + K1 [CD]0
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(3.1)

where I0 and I1 are the fluorescence intensities of a fluorescent probe in pure water and in
a 1:1 inclusion complex, respectively. K1 denotes the association constant of a 1:1 inclusion
complex and [CD]0 represents the initial concentration of β-CD [176,177]. Fitting Eqn. 3.1
to the measured intensity of various β-CD/AO ratios resulted in an association constant K1
of ca. 10,000 M−1 , while no reasonable fits to the measured intensity could be found when
a 2:1 or 3:1 β-CD:AO inclusion complex was assumed; this association constant is similar
in magnitude to reported values for a β-CD:PBD complex [159].

Figure 3.5:

Photoluminescence (PL) spectra of 9-(3-azidopropyl)-9H -carbazole (AC) (red) and
poly(propargyl acrylate) (PA) particles surface modified with AC (blue); both systems in THF. Inset presents
the PL spectra of the monomer propargyl acrylate clicked to AC in a dilute and concentrated solution. Excitation energies at a wavelength of 290 nm.

3.2.5

Photoluminescence analysis
Figure 3.5 presents the photoluminescence (PL) spectra of the PA particles where

the AC has been attached to the particles through a click transformation (with β-CD
present during the transformation) and free AC, with both systems in THF. As expected,
both systems exhibit similar spectral characteristics with peaks at ca. 350 nm and 366 nm;
these peaks are attributed to the carbazole rings. The AC that was attached to the particles
exhibits two additional peaks centered at 405 nm and 430 nm and are routinely attributed
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to excimer emission stemming from carbazole ring dimers [178, 179]. Close proximity of
the chromophores can result in the formation of an excimer between excited and spatially
adjacent ground-state chromophores typically through a mixture of exciton and charge
transfer states [180, 181]. The mutual chromophore separation, orientation, and mobility
are vital in controlling the photophysics of the pendant π-conjugated rings [182, 183] since
excimer emission in these carbazole-based systems requires excimer forming geometries to
exist prior to being excited or to form during the monomeric excited state lifetime.

Figure 3.6: PLE (blue) and PL (red) spectra of PA particles surface modified with AC and AO; PLE
utilized emission energy at a wavelength of 400 nm while PL utilized excitation energy at a wavelength of
290 nm. Schematic of intraparticle exciplex formation between adjacent AC and AO is depicted.

The appearance of these lower energy peaks in the PL spectra suggest that the carbazolyl groups are in close proximity and can energetically couple; for the PA/AC particles
there is a high number density of carbazolyl groups on the particle surface, as indicated in
the elemental analysis (cf. Table 3.1), resulting in ca. 70k AC moieties per particle. Surprisingly, the appearance of excimer emission is not accompanied by the reabsorption of the
high energy peak at 350 nm. Previous PL studies on chlorobenzene solutions of methacrylate homopolymers with pendant carbazolyl groups indicated a significant reabsorption of
the emission centered at 350 nm with an increasing concentration of the homopolymer,
due to the slight overlap of the absorption and emission bands, though these concentrated
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solutions did not exhibit any evidence of carbazole excimer formation [1]. The appearance
of both the 350 nm peak and excimer emission in Figure 3.5 suggests that the carbazolyl
groups are sufficiently dense on the surface of the particles to form excimers, yet the particles are dilute enough that once emission occurs, the propagating light does not encounter
a sufficient number of carbazolyl groups to be reabsorbed.
To more fully explore the concentration dependence of the carbazole moieties, the
inset of Figure 3.5 presents the PL spectra of the monomer propargyl acrylate clicked to
AC and dispersed in THF in a dilute and concentrated regime. The dilute solution exhibits
a PL response with peaks at ca. 350 nm & 364 nm and a shoulder centered at 390 nm. The
corresponding concentrated solution also exhibits both peaks, though there is a reduced
intensity for the 350 nm peak due to reabsorption, and the shoulder present in the dilute
solution is now clearly visible as peaks centered at 376 nm, 393 nm, and 410 nm, suggesting
excimer formation at the higher concentration.
Figure 3.6 presents the observed photoluminescence excitation (PLE) and PL spectra of PA particles surface modified through a click transformation (utilizing β-CD) with a
combination of both AC and AO; AC and AO were in a molar 1:1 ratio when added to the
click reaction. Table 3.1 presents the elemental concentrations of the surface-modified particles; unfortunately, due to the multiple solutions of AC/AO ratios that could correspond
to the observed C/H/N ratios, the actual percentages of AC and AO on the particles could
not be determined directly through elemental analysis. Nonetheless, it is interesting to note
that the observed nitrogen concentration is intermediate to the nitrogen concentrations of
the similarly modified PA/AC and PA/AO particles. Assuming that each particle can bind
70k moieties as an upper-limit based on steric considerations in a PA/AO/AC system and
that the moieties maintain a grafting ratio that is based on the individually modified particles, the grafted AC to AO ratio would be 1.8, with 45k AC and 25k AO moieties grafted to
each particle. The PLE spectrum appears to be the composite of the absorption spectrum
observed for the individual AC and AO (not presented), while the combination of both the
carbazole and oxadiazole moieties on the same particle results in the formation of a broad PL
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peak centered at 400 nm that extends past 550 nm. Absorption spectra of all the molecules
(diluted to 10 µg/mL in THF) were taken using a Perkin-Elmer Lambda 850 spectrophotometer. The observed emission for the PA/AO/AC particles is more pronounced than the
particles individually modified with either the carbazole or oxadiazole moieties (cf. Figure
3.7) at wavelengths greater than 400 nm, suggesting an intra- or inter-particle interaction
that allows for the formation of an excited species that can emit at lower energies. An excimer or exciplex is formed by bond rotations of the pendant side group to bring the excited
and nearby ground-state chromophore to a sandwich-like arrangement within a distance of
ca. 3.5 Å. The appearance of this new band in the PA/AO/AC particle emission spectrum
as compared to the PA/AC or PA/AO particles spectra is not accompanied by new bands
in the PLE spectrum suggesting that the species responsible for the emission at 400 nm is
not directly accessible optically - an indication of an excited state interaction rather than
a simple ground state aggregation of the chromophores [184, 185].

Figure 3.7: PL spectra of PA particles surface modified with AC (blue), AO (green), and a combination
of both AC & AO (red). PL spectra of physically mixed PA/AC and PA/AO particles in various ratios
(black). Excitation energy at a wavelength of 290 nm.

Figure 3.7 presents a comparison of the observed PL for the PA/AC, PA/AO, and
PA/AO/AC particles. The particle density for all three systems are comparable, but the
emission intensity of the PA/AC particles is only ca. 20% of the intensity of the PA/AO or
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PA/AO/AC particles. As discussed previously, the spectral characteristics of the carbazole
modified particles is characterized by peaks at ca. 350 nm and 366 nm, while the PA/AO
exhibits a broad peak centered at 385 nm that extends out to ca. 490 nm. The PA/AO
particles did not exhibit excimer emission when the click transformation was done in the
presence of β-CD; a previous effort with methacrylate homopolymers containing pendant
oxadiazole moieties indicated a lack of excimer formation with the oxadiazolyl group [1].
The lack of excimer formation in the PA/AO particles is not unexpected as while solutions
of oxazole molecules show clear excimer emission, high concentrations of similar oxadiazole
molecules predominantly exhibited monomeric fluorescence [186].
To verify that the exciplex formation was intraparticle based, Figure 3.7 presents the
observed PL spectra of PA/AC and PA/AO particles that were physically mixed in various
ratios. Clearly the observed PL spectra of the mixtures fall within the range of the individual
PA/AC or PA/AO particle emission and do not exhibit the emission characteristics observed
with the PA/AO/AC particles. The probability that the broad emission centered at 400
nm stems from either carbazole or oxadiazole excimers is less likely since neither of the
PA/AC or PA/AO particles exhibit a similar emission at the particle concentrations studied.
In addition, the PA/AO/AC particles exhibited the broad emission even in very dilute
concentrations, suggesting that an intraparticle-based exciplex is the emitter at these lower
energies. With the current system, the long linkage afforded to the carbazolyl group could
offer the flexibility to this group to come within 0.3-0.4 nm of an oxadiazolyl group that is
on the same PA/AO/AC particle to potentially form an exciplex.
The formation of an exciplex from the carbazole and oxadiazole moieties should
allow for multiple energy transfer routes to a dye that is within the Förster radius. To
that end, Figure 3.8a presents the observed UV-Vis absorption and PL spectra of the green
fluorescent dye 7-[(2-azidoethyl)(ethyl)amino]-3-(1,3-benzothiazol-2-yl)-2H -chromen-2-one
(AD1; a coumarin 6 derivative) dispersed in THF, while Figure 3.8b presents the PLE
spectra of PA particles in which AO, AC, and AD1 have been attached to the particles.
The attachment of the dye to the particles did not significantly alter its absorption or emis59

AC
AO
AD1
AD2

DFT (B3LYP/6-31G*)
HOMO LUMO ∆E
(eV)
(eV)
(eV)
5.44
0.90
4.54
5.90
1.85
4.05
5.55
2.10
3.48
5.82
2.20
3.61

LUMOa

∆Ebuv

(eV)
1.91
2.41
2.98
3.14

(eV)
3.53
3.49
2.57
2.68

UV-Vis
Amax Emax
(nm) (nm)
341
350
328
382
446
486
394
510

Stokes shift
(nm)
9
54
40
116

Table 3.2: Electronic characteristics of charge transporting and emissive molecules predicted by quantummechanical (QM) structure calculations and measured through UV-vis spectroscopy; all energies are relative
to the vacuum level.
a
value based on difference of calculated HOMO energy and energy at experimentally observed electronic
absorption band edge
b
bandgap taken from electronic absorption band edge

sion characteristics since the spectral characteristics of the small molecule azide-modified
dye overlapped the absorption and emission spectrum of the dye-modified particles (not presented). Utilizing an excitation wavelength of 290 nm in order to observe energy transfer on
the PA/AO/AC/AD1 particles resulted in a PL spectrum which exhibited a large emission
peak in the 350-400 nm range that had contributions from the carbazole, oxadiazole, and
the carbazole/oxadiazole exciplex, as well as a peak at ca. 500 nm that was attributed to
emission from the dye. A greater number of donors (AC and AO) relative to the acceptor (AD1) could be a source for this weaker dye emission since the (AO+AC)/AD1 ratio
was estimated, based on elemental and absorbance analysis, to be 2.9. Assuming an ideal
situation where one AO and one AC combine to form an exciplex that transfers energy to
one AD1, the optimized donor/acceptor ratio should be 2. The (AO+AC)/AD1 ratio of
2.9 suggests a greater number of donors relative to acceptors and the PL spectra of the
PA/AO/AC/AD1 particles should exhibit emission in the 350-400 nm range. In addition,
based on the strong PLE signature of the surface-modified particles in the vicinity of the dye
emission, a second source for the weak emission could be poor intraparticle energy transfer.
Exciting the PA/AO/AC/AD1 particles at a wavelength of 290 nm could contribute to the
weak dye emission since this excitation wavelength was below the absorption window of
the AD1 dye (cf. Figure 3.8a). Even though the carbazole & oxadiazole, as well as their
potential excimers and/or exciplex, could be excited by a 290 nm pump, these species emit
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Figure 3.8: (a.) UV-Vis absorption (blue) and PL (green) of 7-[(2-azidoethyl)(ethyl)amino]-3-(1,3benzothiazol-2-yl)-2H -chromen-2-one (AD1; λex = 400 nm). For comparison, PL spectra of PA particles
surface modified with a combination of both AC & AO (red) is included. (b.) PLE spectra of PA particles
surface modified with AO/AC/AD1. PLE spectra of PA/AO/AC/AD1 particles utilized emission energies
at wavelengths of 525 nm, 550 nm, and 575 nm.

outside the absorption window of the dye, resulting in an incomplete energy transfer over
to a dye. This is confirmed by inspection of the PLE spectra; the large PLE peak at ca. 430
nm (cf. Figure 3.8b) indicates that the dye emission (i.e. emission at wavelengths greater
than 525 nm) is more efficiently achieved when the source is directly pumping into the
absorption band of the dye. This is indicative that the carbazole, oxadiazole, as well as
their potential excimers and/or exciplex, are unable to efficiently transfer energy over to
the AD1 dye; the estimated transfer efficiency ranged from 99.3% for a donor adjacent to a
dye to 20.7% for a donor in the next-nearest neighbor shell to an AD1 moiety. Nonetheless,
the smaller peak in the PLE spectra centered at 325 nm indicates that some energy transfer is achieved from the carbazole/oxadiazole species to the dye. In addition, the relative
fluorescence quantum yield (φ) for the particles, when pumped directly at 400 nm, was φ =
0.05 (in THF) and was determined relative to the reference Coumarin 6 dye in cyclohexane,
which has a fluorescence quantum yield of φR = 0.60 [187].
The electronic properties of a number of azide-functionalized chromophores were calculated through density functional theory (DFT) in order to find a candidate dye that might
exhibit a better spectral overlap between the emission of a carbazole, oxadiazole, and/or
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Figure 3.9: Electronic characteristics of charge transporting and emissive molecules predicted by quantummechanical (QM) structure calculations and measured through UV-vis spectroscopy; all energies are relative
to the vacuum level. LUMO values based on difference of calculated HOMO energy and energy at experimentally observed electronic absorption band edge.

carbazole/oxadiazole exciplex with the absorption of the dye. The DFT calculations utilized
the three-parameter hybrid exchange functional of Beckel and the Lee-Yang-Parr correlation functional (B3LYP) [129] with the 6-31G* basis set, and are presented in Table 3.2
for the moieties utilized in this effort (cf. Figure 3.9). AD1 and 2-(23-azido-3,6,9,12,15,18,21heptaoxatricos-1-yl)-6-piperidin-1-yl-1H-benzo[de]isoquinoline-1,3(2H)-dione (AD2) were predicted to exhibit similar energetic characteristics, with the bandgap for AD2 exhibiting
a ca. 13 nm hypsochromic shift relative to AD1, therefore, AD2 was ultimately synthesized [130, 131]. The agreement between calculated LUMO energies and experimental electron affinities is often quite poor, therefore, Table 3.2 also presents LUMO energies based on
the difference of DFT-derived HOMO values and the energy at the experimentally observed
electronic absorption band edge. Figure 3.10a presents the observed UV-Vis absorption
and PL spectra of the dye AD2 dispersed in THF, while Figure 3.10b presents the PLE
spectra of PA particles in which AO, AC, and AD2 have been attached to the particles. In
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Figure 3.10: (a.) UV-Vis absorption (blue) and PL (green) of 2-(23-azido-3,6,9,12,15,18,21-heptaoxatricos1-yl)-6-piperidin-1-yl-1H-benzo[de]isoquinoline-1,3(2H)-dione (AD2; λex = 380 nm). For comparison, PL
spectra of PA particles surface modified with a combination of both AC and AO (red) is included. (b.) PLE
spectra of PA particles surface modified with AO/AC/AD2. PLE spectra of PA/AO/AC/AD2 particles
utilized emission energies at a wavelength of 510 nm, 525 nm, and 550 nm.

Figure 3.10a it is obvious that the carbazole/oxadiazole exciplex emission has a complete
spectral overlap with the absorption of AD2. This dye is characterized by an absorption
peak maxima at 394 nm and an emission maxima at 510 nm which is attributed to the
naphthalimide moiety [188]. The incorporation of a polyethylene glycol spacer between the
azide and naphthalimide moiety did not alter the emission characteristics of the precursor
dye (cf. Figure 3.16) and was motivated by the desire to allow for an enhanced configurational flexibility of the chromophore when grafted onto the particle surface. In this system,
PLE spectra indicates that dye emission (i.e. emission at wavelengths greater than 510 nm)
is more efficiently achieved by exciting the carbazole/oxadiazole species by virtue of the
large PLE peak at ca. 340 nm. The dye is more efficient as an emitter when the pump
source is directly pumping into the absorption band of the carbazole. This is indicative
that the carbazole & oxadiazole, as well as their potential excimers and/or exciplex, are
able to efficiently transfer energy over to the dye; the transfer efficiency ranged from 99.8%
to 50.0% for a donor adjacent and in the next-nearest neighbor shell to an AD2 moiety. In
addition, as would be expected, the smaller peak in the PLE spectra centered at 400 nm
indicates that the dye can be directly excited. The (AO+AC)/AD2 ratio was calculated to
be 2.2, relatively close to the ideal situation where one AO and one AC combine to form
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Figure 3.11: Demonstration of Stokes shift on PA/AO/AC/AD2 particles: PLE (orange) and PL (red)
spectra of PA particles surface modified with both AC and AO; PLE utilized emission energy at a wavelength of 400 nm while PL utilized excitation energy at a wavelength of 290 nm. In addition, UV-Vis
absorption (blue) of AD2 and PL (green) of PA particles surface modified with AO/AC/AD2. PL spectra
of PA/AO/AC/AD2 particles utilized excitation energy at a wavelength of 400 nm. Total Stokes shift for
the PA/AO/AC/AD2 particles was 180 nm.

an exciplex that transfers energy to one AD2. The relative fluorescence quantum yield for
the particles was φ = 0.16 (in THF) when pumped at 400 nm; this yield is three times
more than what was observed with the AD1 functionalized particles at the same excitation
wavelength. In addition, Figure 3.12 presents the molar extinction coefficients (ε) of the two
dyes AD1 & AD2 dispersed in THF. These enhanced spectral characteristics are coupled
with a large Stokes shift in AD2 (cf. Table 3.2) that allows for 26 nm bathochromic shift in
the emission peak relative to AD1 and a total Stokes shift for the PA/AO/AC/AD2 particles of 180 nm (cf. Figure 3.11). This energy downshifting could be exploited ad infinitum
by grafting an additional dye onto the particles that absorbs within the 510 nm emission
vicinity and emits into the absorption band of an attached near-infrared emitting dye, for
example, the cyanine class of dyes.

64

Figure 3.12: Molar extinction coefficient of AD1(10 µg/mL) (—) and AD2 (6 µg/mL) (-◦-) in THF.

3.3

Experimental
All the commercial reagents were used without further purification. All the solvents

were dried according to standard methods. Deionized water was obtained from a Nanopure
System and exhibited a resistivity of ca. 1018 Ω−1 cm−1 .
1H

and

13 C

NMR spectra were recorded on JEOL Delta 2 300 MHz spectrometer.

Chemical shifts are reported in parts per million downfield from tetramethylsilane and are
referenced to residual solvent peak (1 H NMR: CDCl3 : δ 7.26 ppm, (CD3 )2 SO: δ 2.50 ppm;
13 C

NMR: CDCl3 : δ 77.16, (CD3 )2 SO: δ 39.52 ppm). Coupling constants are reported in

Hertz (Hz). Electron impact (EI) (70 eV) ionization mass spectra were obtained using a
Shimadzu GC-17A mass spectrometer.

3.3.1

Preparation of 9-(3-azidopropyl)-9H -carbazole (AC)
3-(9H -Carbazol-9-yl)propyl methanesulfonate (2) Methanesulfonyl chloride

(0.84 g, 7.32 mmol) was added dropwise at room temperature to a stirred solution of 3-(9H -
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Figure 3.13: Reaction scheme for 9-(3-azidopropyl)-9H -carbazole (AC).

carbazol-9-yl)propan-1-ol (1.5 g, 6.66 mmol) (1) (synthesized according to Ref. [189]) and
triethylamine (0.74 g, 7.32 mmol) in dichloromethane (25 mL). The solution was stirred
for 8 hours and then washed with deionized (DI) water two times. The organic layer was
separated, dried with Na2 SO4 and then filtered. The solvent was removed under reduced
pressure to give the clear-yellow oil. Yield: 1.96 g (97%). 1 H NMR (CDCl3 ) 2.36 (m, 2H, J
6.5, 5.9), 2.86 (s, 3H), 4.14 (t, 2H, J 5.9), 4.50 (t, 2H, J 6.5), 7.25 (m, 2H), 7.40-7.52 (m,
4H), 8.10 (d, 2H, J 7.9).
9-(3-Azidopropyl)-9H -carbazole (AC) (3) A mixture of 3-(9H -carbazol-9-yl)pr
opyl methanesulfonate (2) (1.96 g, 6.46 mmol) and sodium azide (0.46 g, 7.14 mmol) in
dimethylformamide (25 mL) was heated and stirred at 90 ◦ C for 4 hours. After cooling to
room temperature, the mixture was quenched with deionized (DI) water and extracted with
dichloromethane. The organic solution was washed with DI water, dried with Na2 SO4 and
filtered. The solvent was removed under reduced pressure to give the clear-brown oil, which
was purified by flash chromatography (10% ethyl acetate/hexane; Rf=0.4). A clear-yellow
oil was obtained. Yield: 1.34 g (82%).

1H

NMR (CDCl3 ) 2.13 (m, 2H, J 6.5, 6.2), 3.30
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(t, 2H, J 6.2), 4.42 (t, 2H, J 6.5), 7.24 (m, 2H), 7.41-7.50 (m, 4H), 8.10 (d, 2H, J 7.6).
13 C

NMR (CDCl3 , 75.6 MHz) δ 28.3, 39.8, 48.8, 108.6, 119.2, 120.6, 123.1, 126.0, 140.4.

EI-Mass (m/z; rel. intensity%) 251 (M++1; 5), 250 (M+; 35), 194 (12), 180 (100), 167
(65), 152 (46), 139 (21).

3.3.2

Preparation of 2-[4-(azidomethyl)phenyl]-5-(1-naphthyl)-1,3,4-oxad
iazole (AO)

Figure 3.14: Reaction scheme for 2-[4-(azidomethyl)phenyl]-5-(1-naphthyl)-1,3,4-oxadiazole (AO).

2-(4-Methylphenyl)-5-(1-naphthyl)-1,3,4-oxadiazole (4) A mixture of 5-(4methylphenyl)-2H -tetrazole (2.5 g, 15.6 mmol), 1-naphthoyl chloride (3.27 g, 17.2 mmol)
and pyridine (30 mL) was stirred and refluxed for 5 hours. After cooling to room temperature, the mixture was quenched with deionized (DI) water to precipitate the product.
White crystals were filtered and dried on air to give the titled compound. Yield: 4 g (90%).
Melting point: 135 ◦ C. 1 H NMR ((CD3 )2 SO) 2.43 (s, 3H), 7.46 (d, 2H, J 7.9), 7.66-7.80
(m, 3H), 8.10 (m, 3H, J 8.3, 7.9), 8.24 (d, 1H, J 8.3), 8.40 (d.d, 1H, J 7.2, 1.0), 9.19 (d, J
8.6).
2-[4-(Bromomethyl)phenyl]-5-(1-naphthyl)-1,3,4-oxadiazole (5) A solution
of 2-(4-methylphenyl)-5-(1-naphthyl)-1,3,4-oxadiazole (4) (1 g, 3.39 mmol), N -bromosuccini
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mide (0.622 g, 3.49 mmol) and benzoyl peroxide (0.03 g, 0.12 mmol) in chloroform (40 mL)
was refluxed for 4 hours resulting in 50% conversion of the starting compound by 1 H NMR.
N -bromosuccinimide (0.622 g, 3.49 mmol) and benzoyl peroxide (0.02 g, 0.08 mmol) were
added again and the solution was refluxed for 5 hours. The solvent was evaporated and
the residue was washed with deionized (DI) water, filtered, dried on air and recrystallized
from acetone to produce white crystals. Yield: 0.86 g (67%). Melting point: 182 ◦ C. Elem.
Anal. (mass%) for C19 H13 BrN2 O: C, 62.7 (calc: 62.5); H, 3.7 (calc: 3.6); N, 7.3 (calc: 7.6).
1H

NMR (CDCl3 ) 4.55 (s, 2H), 7.56-7.65 (m, 4H), 7.72 (m, 1H, J 7.2, 1.4), 7.95 (d, 1H, J

7.2), 8.06 (d, 1H, J 8.3), 8.19 (d, 2H, J 8.6), 8.28 (d.d, J 7.2, 1.4), 9.28 (d, 1H, J 8.6).
2-[4-(Azidomethyl)phenyl]-5-(1-naphthyl)-1,3,4-oxadiazole (AO) (6) A mixture of 2-[4-(bromomethyl)phenyl]-5-(1-naphthyl)-1,3,4-oxadiazole (5) (0.8 g, 2.19 mmol)
and sodium azide (0.17 g, 2.61 mmol) in dimethylformamide (10 mL) was heated and
stirred at 80 ◦ C for 8 hours. After cooling to room temperature, the mixture was quenched
with deionized (DI) water and cooled to 5 ◦ C. The solid was filtered, washed with DI water
and dried on air to give white crystals. Yield: 0.65 g (76%). Melting point: 109-110 ◦ C.
Elem. Anal. (mass%) for C19 H13 N5 O: C, 69.53 (calc: 69.71); H, 3.92 (calc: 4.00); N, 20.78
(calc: 21.39). 1 H NMR (CDCl3 ) 4.47 (s, 2H), 7.53 (d, 2H, J 7.9), 7.62 (m, 2H), 7.72 (m,
1H, J 7.9, 1.4), 7.95 (d, 1H, J 7.9), 8.06 (d, 1H, J 7.9), 8.23 (d, 2H, J 8.3), 8.28 (d.d, 1H,
J 7.2, 1.0), 9.29 (d, 1H, J 8.3).

13 C

NMR (CDCl3 , 75.6 MHz) δ 54.4, 120.5, 123.9, 125.0,

126.3, 126.9, 127.6, 128.3, 128.5, 128.8, 130.2, 132.8, 134.0, 139.4, 163.8, 164.8.

3.3.3

Preparation of 7-[(2-azidoethyl)(ethyl)amino]-3-(1,3-benzothiazol2-yl)-2H -chromen-2-one (AD1)
2-[[3-(1,3-Benzothiazol-2-yl)-2-oxo-2H -chromen-7-yl](ethyl)amino]ethyl

methane sulfonate (8) Methanesulfonyl chloride (0.19 g, 1.66 mmol) was added drop
by drop at room temperature to a stirred solution of 3-(1,3-benzothiazol-2-yl)-7-[ethyl(2hydroxyethyl)amino]-2H -chromen-2-one (7) (0.5 g, 1.36 mmol) (synthesized according to
Ref. [190]) and triethylamine (0.18 g, 1.78 mmol) in dichloromethane (30 mL). This solution
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Figure 3.15: Reaction scheme for 7-[(2-azidoethyl)(ethyl)amino]-3-(1,3-benzothiazol-2-yl)-2H -chromen-2one (AD1).

was refluxed for 8 hours, then cooled to room temperature and washed with deionized (DI)
water. Organic layer was dried with Na2 SO4 , filtered and the solvent was evaporated. Redorange oil was obtained and used without further purification for the next step. Yield: 0.6
g.

1H

NMR (CDCl3 ) 1.28 (t, 3H, J 7.2), 3.03 (s, 3H), 3.57 (q, 2H, J 7.2), 3.82 (t, 2H, J

6.2), 4.41 (t, 2H, J 6.2), 6.61 (d, 1H, J 2.4), 6.74 (d.d, 1H, J 9.0, 2.4), 7.43 (m, 1H, J 8.3,
7.9, 1.4), 7.55 (m, 1H, J 8.3, 7.9, 1.4), 7.62 (d, 1H, J 9.0), 7.95 (d.t, 1H, J 7.9, 1.4), 8.14
(d, 1H, J 8.3), 9.23 (s, 1H).
7-[(2-Azidoethyl)(ethyl)amino]-3-(1,3-benzothiazol-2-yl)-2H -chromen2-one (AD1) (9) A mixture of 2-[[3-(1,3-benzothiazol-2-yl)-2-oxo-2H -chromen-7-yl](ethyl)
amino]ethyl methanesulfonate (8) (0.6 g, 1.35 mmol) and sodium azide (0.17 g, 2.6 mmol)
in dimethylformamide (15 mL) was heated and stirred at 70 ◦ C for 5 hours. After cooling
to room temperature, the mixture was quenched with deionized (DI) water and kept in
the refrigerator to precipitate the product. Deep-orange crystals obtained were filtered off
and dried on air to give the product with acceptable purity level (above 95% by 1 H NMR),
which was used without further purification. Yield: 0.48 g (78%). Melting point: 166 ◦ C.
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Figure 3.16: Reaction scheme for 2-(23-azido-3,6,9,12,15,18,21-heptaoxatricos-1-yl)-6-piperidin-1-yl-1Hbenzo[de]isoquinoline-1,3(2H)-dione (AD2).

Elem. Anal. (mass%) for C20 H17 N5 O2 S: C, 58.43 (calc: 61.37); H, 4.33 (calc: 4.38); N,
16.11 (calc: 17.89). 1 H NMR (CDCl3 ) 1.28 (t, 3H, J 7.2), 3.52-3.65 (m, 6H), 6.61 (d, 1H,
J 2.4), 6.74 (d.d, 1H, J 9.0, 2.4), 7.41 (m, 1H, J 8.3, 7.9, 1.4), 7.53 (m, 1H, J 8.3, 7.9,
1.4), 7.58 (d, 1H, J 9.0), 7.95 (d, 1H, J 7.9), 8.13 (d, 1H, J 8.3), 9.20 (s, 1H).

13 C

NMR

(CDCl3 , 75.6 MHz) δ 11.9, 44.9, 48.4, 55.0, 96.9, 108.6, 110.6, 111.4, 121.9, 122.0, 124.7,
126.4, 131.6, 135.4, 142.5, 152.1, 152.5, 156.6, 160.3, 161.1.

3.3.4

Preparation of 2-(23-azido-3,6,9,12,15,18,21-heptaoxatricos-1-yl)-6piperidin-1-yl-1H-benzo[de]isoquinoline-1,3(2H)-dione (AD2)
23-Hydroxy-3,6,9,12,15,18,21-heptaoxatricos-1-yl methanesulfonate (10)

Methanesulfonyl chloride (1.8 g, 15.8 mmol) was added drop by drop to a stirred solution of
poly(ethylene glycol) (Mw ≈ 400 g/mol) (7 g, 17.5 mmol) and triethylamine (2.7 mL, 19.3
mmol) in dichloromethane (40 mL) at 5 ◦ C. This solution was stirred for 0.5 hours at 5 ◦ C
and then for 2 hours at room temperature. The solution was then washed with deionized
(DI) water (40 mL) and the organic layer was dried with Na2 SO4 and filtered. The solvent
was evaporated under reduced pressure and a clear oil was obtained. Yield: 6.7 g (80%).
1H

NMR (CDCl3 ) 3.08 (s, 3H), 3.60-3.65 (m, 28H), 3.76 (m, 2H), 4.37 (m, 2H).
2-(23-Hydroxy-3,6,9,12,15,18,21-heptaoxatricos-1-yl)-6-piperidin-1-yl-1H70

benzo[de]isoquinoline-1,3(2H)-dione (11) A mixture of 6-piperidin-1-yl-1H -benzo[de]is
oquinoline-1,3(2H )-dione (0.7 g, 2.5 mmol) (synthesized according to Ref. [188]), 23-hydroxy3,6,9,12,15,18,21-heptaoxatricos-1-yl methanesulfonate (10) (1.0 g), potassium carbonate
(0.09 g, 0.628 mmol) and acetone (50 mL) was refluxed and stirred for 48 hours. After
cooling to room temperature the mixture was filtered, and the filtrate was evaporated under vacuum. The residue was dissolved in dichloromethane and washed with deionized (DI)
water. Organic layer was separated, dried with Na2 SO4 and the solvent was removed under
vacuum to obtain a yellow oil which was used without further purification. Yield: 1.7 g. 1 H
NMR (CDCl3 ) 1.75 (m, 2H), 1.95 (m, 4H), 3.28 (m, 4H), 3.55-3.70 (m, 28H), 3.79 (t, 2H,
J 6.20), 4.40 (t, 2H, J 6.20), 7.24 (d, 1H), 7.70 (m, 1H), 8.43-8.52 (m, 2H), 8.55 (m, 1H).
23-(1,3-Dioxo-6-piperidin-1-yl-1H -benzo[de]isoquinolin-2(3H)-yl)-3,6,9,
12,15,18,21-heptaoxatricos-1-yl methanesulfonate (12) Methanesulfonyl chloride (0.52
g, 4.48 mmol) was added drop by drop at room temperature to a stirred solution of 2-(23hydroxy-3,6,9,12,15,18,21-heptaoxatricos-1-yl)-6-piperidin-1-yl-1H-benzo[de]isoquinoline-1,
3(2H)-dione (11) (1.7 g) and triethylamine (0.48 g, 4.78 mmol) in dichloromethane (40 mL).
This solution was stirred for 24 hours and then washed with deionized (DI) water. The organic layer was separated and dried with Na2 SO4 , filtered and the solvent was evaporated
under reduced pressure to obtain a yellow oil which was used without further purification.
Yield: 2 g.

1H

NMR (CDCl3 ) 1.72 (m, 2H), 1.89 (m, 4H), 3.07 (s, 3H), 3.25 (m, 4H),

3.55-3.67 (m, 24H), 3.76 (m, 4H, J 6.20), 4.41 (m, 4H, J 6.20), 7.19 (d, 1H), 7.68 (m, 1H),
8.37-8.49 (m, 2H), 8.54 (m, 1H).
2-(23-Azido-3,6,9,12,15,18,21-heptaoxatricos-1-yl)-6-piperidin-1-yl-1Hbenzo[de]isoquinoline-1,3(2H)-dione (AD2) (13) A mixture of 23-(1,3-dioxo-6-piperidin1-yl-1H -benzo[de]isoquinolin-2(3H)-yl)-3,6,9,12,15,18,21-heptaoxatricos-1-yl methanesulfon
ate (12) (2 g), sodium azide (0.4 g, 6.15 mmol) and dimethylformamide (10 mL) was heated
at 85 ◦ C for 12 hours. After cooling to room temperature, deionized (DI) water (40 mL)
was added and the product was extracted with dichloromethane (3x40 mL). The organic
solution was collected, washed with DI water and dried with Na2 SO4 . The solution was
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then filtered and the solvent was evaporated under reduced pressure on the rotoevaporator
at 70 ◦ C. An orange-brown solution was obtained, which contained the product and DMF
in a 1:5 ratio. This solution of product was used for further synthesis without purification.
Yield: 3 g.

1H

NMR (CDCl3 ) 1.74 (m, 2H), 1.93 (m, 4H), 3.28 (m, 4H), 3.39 (t, 2H, J

4.80), 3.55-3.70 (m, 26H), 3.80 (t, 2H, J 4.80), 3.80 (t, 2H, J 6.20), 4.42 (t, 2H, J 6.20),
7.23 (d, 1H), 7.70 (d.d, 1H, J 7.22), 8.48 (m, 2H, J 7.22), 8.56 (d.m, J 7.22).

3.3.5

Preparation and surface modification of the particles
Monodisperse poly(propargyl acrylate) (PA) particles were prepared using a modi-

fied emulsion polymerization procedure described elsewhere [191–193]. The propargyl acrylate (PA) (4.6 mL) and divinylbenzene (DVB) (0.8 mL) were passed through a packed
alumina column while all other materials were used as-received. A 500 mL three necked
jacketed reactor was charged with 140 mL of deionized water and 0.08 g of sodium dodecyl sulfate (SDS, 99% Aldrich) was added and the solution was stirred for 1 hour at 83
◦C

under a nitrogen atmosphere. The PA and DVB were mixed and slowly dropped into

the reaction vessel. Once the addition of the PA:DVB mixture was completed, 0.2 mL of
3-alloxy-2-hydroxy-1-propanesulfonic acid sodium salt (COPS-1, 40 wt % soln. Aldrich) in
5mL deionized water was added dropwise to the solution. After the COPS-1 was completely
added, the solution was stirred for an additional 5 minutes before 0.16 g potassium persulfate (KPS, 99+% Aldrich), that was mixed with 5 mL deionized water, was added to the
solution. The emulsion polymerization was carried out under a nitrogen atmosphere for at
least 2 hours.
The resulting PA latex was dialyzed against deionized water for ca. 5 days at 60 ◦ C
using a dialysis bag with a molecular weight cut-off of 50,000. The dialyzed dispersion was
then shaken with an excess of mixed bed ion-exchange resin (Bio-Rad Lab AG 501-X8, 2050 mesh) to remove excess electrolyte. After the cleaning procedures, the particle diameter
was measured to be 83 ± 12 nm (average and standard deviation) with a Coulter N4Plus
dynamic light scatter (DLS). Drying a known mass of the suspension in an oven at 90 ◦ C
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overnight and then in a vacuum oven for 2 days, resulted in a particle density of 3.43x1013
particles/mL.
For a typical surface modification of the particles, for example, the grafting of AO
onto the particles, 1 mL PA particles and 4.5 mg AO were added to a solution of 14.6 mg
β-CD in 2 mL deionized water. Solutions of 0.0644 g copper(II) sulfate (99.999% Aldrich)
in 10 mL deionized water and 0.17 g sodium ascorbate (99% Aldrich) in 10 mL deionized
water were made. Initially, 0.2 mL of the CuSO4 solution was added to the PA/AO/β-CD
solution, followed by 0.3 mL of the sodium ascorbate solution. The resulting mixture was
maintained at a temperature of ca. 28 ◦ C for 48 hours. The resulting clicked particles
were dialyzed against deionized water for ca. 3 days at 60 ◦ C using a dialysis bag with
a molecular weight cut-off of 50,000. The dialyzed particles then underwent a repeated
centrifugation/redisbursement with tetrahydrofuran until all free AO was eliminated, as
determined by photoluminescence measurements. The centrifugation was carried out using
a VWR Scientific Model V Micro Centrifuge at 10,000 rpm. The modification of the PA
particles with AC, AD1, AD2, or their combinations was performed with a similar procedure.

3.4

Conclusion
A general strategy is presented for the preparation of aqueous-phase nanoparticles

that are surface-functionalized with sparingly water soluble moieties through a copper(I)catalyzed reaction between azides and terminal alkynes (i.e., “click” transformation) that
results in a multi-FRET system with a large Stokes shift. The click transformations were
performed in the presence of β-cyclodextrin (β-CD) and resulted in an alteration of grafting
density relative to particles modified without β-CD that was correlated to the structural
characteristics of the moieties. Moieties containing oxadiazolyl groups exhibited an 84%
increase in grafting density when the transformation was performed in the presence of the
oligosaccharide, going from 1.04 oxadiazolyl groups/nm2 to 1.91 oxadiazolyl groups/nm2
on the surface of 83 nm poly(propargyl acrylate) (PA) particles.
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Similarly, an azide-

modified coumarin 6 (AD1) underwent a 17% enhancement in grafting density from 1.56
AD1 groups/nm2 to 1.82 AD1 groups/nm2 when the transformation was done in the presence of β-CD. The achieved grafting densities of these latter rigid and bulky moieties represent the upper regime of achievable surface coverage. To this end, an azide-terminated
polyethylene glycol spacer was attached to a naphthalimide-based emitter (AD2) to enhance its water solubility without altering its emission characteristics; this moiety was less
sensitive to the presence of β-CD due to its elevated water solubility and exhibited a 5%
increase in grafting density. The creation of inclusion complexes between the β-CD and
the oxadiazole & dyes, coupled with both an enhanced availability and reactivity at the
transformation site, may account for their higher grafting densities on the PA particles. In
contrast, a carbazolyl-containing moiety which could achieve 100% surface coverage of the
particles without the use of β-CD exhibited a slight retardation in the incorporation rate
(and final grafting density) onto the particle when the oligosaccharide was employed.
In addition, when both oxadiazolyl and carbazolyl groups were attached to the particles, an exciplex was formed that had a peak emission at ca. 400 nm and that allowed
for multiple energy transfer routes to a surface-attached dye. A dye (AD2) was designed
and synthesized that incorporated an azide-terminated polyethylene glycol spacer attached
to a naphthalimide-based emitter and was characterized by an absorption peak maxima at
394 nm and an emission maxima at 510 nm. The carbazole/oxadiazole exciplex emission
exhibited a complete spectral overlap with the absorption of AD2 and photoluminescence
excitation studies indicated an efficient energy transfer process from the carbazolyl & oxadiazolyl groups to the dye. The total Stokes shift for these latter particles was 180 nm.
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Chapter 4

Surface modified colloids with
near-infrared emitters for cancer
therapy
4.1

Introduction
The large stokes shift that was observed for the particles that were synthesized

in Chapter 3 formed the basis of this work. An energy downshifting to a dye in the nearinfrared (NIR) regime made us look at the cyanine class of dyes. The cyanine dyes have their
emission in the NIR region and this makes them extensively useful for medical purposes.
This effort presents the modification of PA particles with the only NIR organic dye approved
by the U.S. Food and Drug Administration (FDA) for human use, indocyanine green (ICG),
the imaging of these surface modified particles and their potential use in photodynamic
therapy as a cure for cancer. The techniques developed in my pursuit of this objective are
presented in this chapter.
Photodynamic therapy (PDT) is a relatively new medical technology for the treatment of cancer that requires a photosensitizer and oxygen to be in the proximity of the
afflicted tissue [194, 195]. The photo-excitation of the photosensitizer results in the promo75

Figure 4.1: Near infrared attenuation [log10 ] for 1 cm depth deoxy hemoglobin (Hb), oxy hemoglobin
(HbO2 ), and water; hemoglobin concentration 210 µM in water [5]. Window lying between the declining
absorption of blood and the increasing absorption of tissue water in the wavelength region 700-900 nm along
with indocyanine green (ICG) emission.

tion from the ground singlet state (S0 ) to an excited singlet state (S1 ) with some excited
singlets undergoing inter-system crossing to a longer-lived excited triplet state (T1 ). Oxygen
resident in tissue has a ground triplet state and energy transferred from the photosensitizer
to the oxygen can result in the formation of the highly cytotoxic singlet oxygen (1 O2 ),
resulting in destruction of the afflicted tissue. Tissue damage is localized due to the short
lifetime of singlet oxygen in biological systems (<0.04 µsecond) and its corresponding short
radius of action (<0.02 µm) [196].
A number of photosensitizers have been developed for commercial use in PDT,
though there is still a need for systems that exhibit absorption of light in the infrared spectrum (NIR), which provides a maximal penetration of light into tissue (cf. Figure 4.1). A
NIR fluoroprobe that is the only NIR organic dye approved by the U.S. Food and Drug Administration (FDA) for human use is indocyanine green (ICG) [82]. ICG has been widely
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investigated for use in deep-tissue imaging and is an amphiphilic carbocyanine dye that
exhibits absorption at ca. 780 nm and an emission maxima at ca. 820 nm. ICG exhibits
very low toxicity effects to humans [83, 197] and has resulted in its clinical use as a contrast
agent in angiography [84], facilitating directed biopsies [88], and for assessing blood flow
and hepatic function [89–91]. The yield of triplet formation of free ICG through S1 -T1
intersystem-crossing is 14% in water and 11% in an aqueous albumin solution [198]. This
triplet yield, coupled with the ubiquitous nature of ICG in medical diagnostic technologies, may allow ICG to operate as a photosensitizer in PDT [199]. Nonetheless, ICG has
many of the shortcomings associated with organic dye molecules. One of the major challenges in its in vivo application is its low fluorescence quantum yield [96] and non-specific
quenching [94, 97, 98, 114]. In addition, free ICG will bind to proteins [104] which leads
to aggregation and subsequent elimination from the body. One approach to remedy this
shortcoming is the inclusion of the chromophores inside colloidal particles [85, 106, 200] and
results in an extension of circulation half-life and enhanced in vivo stability relative to the
free fluoroprobe molecules [200]. Specifically with regard to ICG, a number of researchers
have employed a doped particulate approach to address the intrinsic issues of ICG degradation and rapid blood clearance [85,120,121,149,201]. Although all of these approaches have
utilized an encapsulation approach that affords a static environment to the ICG and reduces
environmental degradation, encapsulation prevents both (1) the chromophore from being
spatially proximal to resident oxygen in afflicted tissue and (2) the dye from participating in
advantageous host/guest assemblies. Photoluminescent dyes can be utilized as biologicallybased sensors or switches due to the noticeable variations in their emission spectra when
they form supramolecular host/guest assemblies or complex with biomacromolecules such
as proteins [202, 203]. The environmental sensitivity in the emission properties of the chromophores can also be exploited to assist in refining the proposed parameters that govern
molecular recognition [204–206]. For example, the fluorescence quantum yield of ICG is
limited to a few percent by internal conversion under optimal environmental conditions,
while in water, the hydrophobic dye exhibits dimerization at low concentrations which even
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further reduces the fluorescence quantum yield. Nonetheless, the strong affinity of ICG to
serum albumin in water shifts the onset of dimerization to higher concentrations [84, 94],
effectively increasing the quantum yield. Recently, it has been reported that molecules possessing higher affinity for serum albumin are found to exhibit efficient PDT applications.
In the current effort, ICG and poly(ethylene glycol) of various molecular weights
were modified with attachment of a terminal azide and then attached to poly(propargyl
acrylate) (PA) colloids through a copper-catalyzed azide/alkyne cycloaddition (CuAAC)
performed in water. The synthesis of these molecules are presented in the experimental
section (cf. Section 4.3). The placement of ICG onto the surface of the particles allows for
the chromophore to complex with proteins that resulted in the alteration and enhancement
of the emission of the dye. In addition, the inclusion of PEG with ICG onto the particle
surface resulted in a synergistic enhancement of the fluorescence intensity, with PEGs of
increasing molecular weight amplifying the response. The surface attachment of ICG and
its availability to be spatially adjacent to molecular oxygen when the particles are dispersed
in tissue, coupled with protein enhanced fluorescence, may make these particles a valuable
resource in photodynamic therapy [207].

4.2

Results & discussion

Figure 4.2: Schematic of various poly(propargyl acrylate) (PA) particles surface modified with (i) an
azide-terminated indocyanine green (azICG), (ii) azICG and an azide-terminated poly(ethylene glycol)
with molecular weight of 1K (azPEG1k ), (iii) azICG and azPEG with molecular weight of 5K (azPEG5k ).
Particles modified through a copper-catalyzed azide/alkyne cycloaddition in water.
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A schematic of the three particle-based systems studied in this effort is presented
in Figure 4.2. The poly(propargyl acrylate) (PA) colloids were prepared using a standard
aqueous emulsion polymerization technique with sodium dodecyl sulfate as the surfactant,
potassium persulfate as the initiator, and divinyl benzene as a crosslinker, resulting in
spheres of diameter of 73 ± 7 nm (mean and standard deviation). The preparation and
surface modification of the particles have been discussed in detail in Section 4.3.3. To
functionalize the surface of the particles, a multiple step “click” reaction was performed
to produce PA particles that had both ICG and PEG on their surface. An azide-modified
indocyanine green (azICG) was attached to the PA particles through a copper-catalyzed
azide/alkyne cycloaddition (“click” transformation) performed in water. To attach the chromophores to the particles, the azICG was initially clicked onto the particles for 10 mins and
then the reaction was stopped by the removal of unreacted azICG, sodium ascorbate, and
Cu(II)SO4 through a repeated particle washing procedure consisting of centrifugation and
redisbursement in methanol. The cleaned PA/azICG particles were subsequently utilized in
a secondary click transformation with azide-modified PEG chains with molecular weights of
1000 (azPEG1k ) or 5000 (azPEG5k ) that was allowed to run for 24 hours and then washed
to remove unreacted species; these particles are referred to as PA/azICG/azPEG1k and
PA/azICG/azPEG5k , respectively.
Figure 4.3 presents the thermogravimetric analysis (TGA) of neat poly(propargyl
acrylate) (PA) particles and indicates that these particles exhibit an onset temperature to
thermal decomposition of 380 ◦ C. The highly crosslinked nature of the particles is corroborated by the TGA studies which indicate that, even at a temperature of 600 ◦ C, 23.9% of the
weight is retained due to the formation of amorphous carbon. Functionalization of the particles with azICG results in a higher retained weight of 40.2% at 600 ◦ C. The higher weight
at 600 ◦ C is indicative of the loss of azICG from the particles; the presence of aromatic
ring structures in azICG increases the formation of amorphous carbon. In addition, 35.7%
and 34.1% weight is retained for PA/azICG/azPEG1k and PA/azICG/azPEG5k particles at
600 ◦ C; the presence of azPEG chains increases the aliphatic content with azPEG5k chains
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Figure 4.3: Thermogravimetric analysis of poly(propargyl acrylate) (PA) particles (—), surface modified
PA/azICG particles(-◦-), PA/azICG/azPEG1k (-•-) and PA/azICG/azPEG5k particles (--).

contributing more aliphatic carbons than azPEG1k chains and therefore leading to a lower
% of weight retained at 600 ◦ C.

4.2.1

Emission of azICG
The emission characteristics of the azide-functionalized ICG are similar to ICG (not

presented) when dispersed in methanol. Absorption spectra were taken using a PerkinElmer Lambda 900 UV/VIS/NIR spectrophotometer. Photoluminescence (PL) spectra
were collected using a Thermo Oriel xenon arc lamp (Thermo Oriel 66902) mated with
a Thermo Oriel Cornerstone 7400 1/8 m monochromator (Thermo Oriel 7400) and a
Horiba Jobin-Yvon MicroHR spectrometer coupled to a Synapse CCD detector. Figure
4.4a presents the molar extinction coefficient and photoluminescence of the free azidefunctionalized indocyanine green (azICG) dispersed in methanol. In this solvent, azICG
has a peak absorption maximum at 785 nm, while the corresponding emission peak is at
830 nm, for a relatively small Stokes shift of 45 nm. The symmetry for the absorption
and emission spectra is evident, though the absorption exhibits a small peak at 915 nm.
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Figure 4.4: (a.) Molar extinction coefficient (5 µg/mL) (-◦-) and photoluminescence (-•-) of azidefunctionalized indocyanine green (azICG) in methanol. (b.) Absorbance (-◦-) and photoluminescence (-•-)
spectra of PA/azICG particles in methanol. Excitation energy at a wavelength of 710 nm.

This lower energy absorption is often seen in concentrated aqueous solutions of ICG after
the formation of J-aggregates [86, 94, 208–210]; the appearance of this peak in the freshly
prepared dilute methanol solution of azICG is surprising and may suggest a higher selfaffinity with the substitution of the sodium salt for the azide. The relative fluorescence
quantum yield in methanol for azICG was φ = 0.044 ± 0.004, while the unfunctionalized ICG had a quantum yield φ = 0.036 ± 0.002, which suggests there is little effect
in the emission characteristics of ICG with the addition of the azide moiety. Quantum
yields (φ) of the dyes and modified particles were determined relative to the reference dye
1,1’,3,3,3’,3’-hexamethylindotricarbocyanine iodide (HITCI) in methanol, which has a fluorescence quantum yield of φref = 0.12 [94, 211], employing established procedures [212].
The gradients of the plots obtained from Figure 4.5 are proportional to the quantum yields
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of these different samples. The following equation was utilized to calculate the absolute
values for quantum yields of these samples.


R
d( Idλ)
dA
x
φST  R
d( Idλ)
dA
ST


φx =

ηx2
2
ηST

(4.1)

where, φ is the fluorescence quantum yield, the subscripts ST and x represent the stanR
d( Idλ)
dard and tested samples respectively,
is the gradient from the plot of integrated
dA
fluorescence intensity vs absorbance and η is the refractive index of the solvent used.

Figure 4.5: Quantum yield (QY) measurements for HITCI (◦), ICG (•), and azICG () in methanol;
Excitation energy at a wavelength of 710 nm.

In comparison, Figure 4.4b presents the absorption and photoluminescence spectra
of PA particles after they have been modified with the attachment of azICG to their surface
(PA/azICG particles) and dispersed in methanol. The absorption spectra of the PA/azICG
particles indicate an absorption maximum that is at a wavelength of ca. 800 nm, a 15 nm
bathochromic shift from the free dye. It is well know that ICG exhibits a molar extinction
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coefficient that is both concentration and solvent dependent [86]. Previous studies on free
ICG have indicated that there is a strong affinity of the dye to methanol, which results
in a reduction of the probability of dimer formation, and only at high dye concentrations
does the inter-dye separation become small and closely spaced pairs and larger aggregates
are formed [94]. Establishing the molar extinction coefficient in the dilute regime for the
free azICG in methanol (cf. Figure 4.4) can allow for the estimation of the number of
chromophores attached to the particles. Following this approach, the PA/azICG particles
had a grafting density of 1.84 ± 0.50 ICG/nm2 when analyzed over the wavelength range of
700 nm to 800 nm. This grafting density would result in each azICG being statistically ca. 8
Å away from its nearest azICG neighbor. Similarly, elemental (combustion) analysis of the
PA/azICG particles, which was performed using a Perkin-Elmer 2400 Series II CHNS/O
analyzer, resulted in a grafting density of 1.5 ICG/nm2 with an inter-azICG spacing of ca.
9 Å. Even though the azICG is attached to the particle surface through a short aliphatic
spacer and triazole ring, the large dimensions of the planar azICG, which are approximately
25 Å by 12 Å, would suggest that the molecules are packed relatively densely on the surface
of the particles.

Figure 4.6: Imaging of fluorescently-labeled nanoparticles in mouse. Dead NOD/SCID mouse imaged using
the IVIS 200 optical imaging instrument immediately prior to (left) and following subcutaneous injection
of 100 µL of PA/azICG/azPEG1k into the left flank (centre) and 100 µL of PA/azICG into the right flank
(right). Image acquisition time was 2 seconds. Scale bar units represent photon flux per unit area, and all
images are scaled equally.
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Figure 4.4b presents the photoluminescence of the PA/azICG particles and indicates
that the emission peak is at a wavelength of 820 nm, a 10 nm hypsochromic shift from the
free azICG, with a resulting Stokes shift for the surface attached dyes of 20 nm. The relative
fluorescence quantum yield for the PA/azICG particles was φ = 0.017. As indicated earlier,
the free azICG exhibited a quantum yield of φ = 0.044 and the observed quantum yield
for the surface-attached azICG moieties indicate that attaching the chromophores to the
particles does reduce the quantum efficiency when the modified particles are dispersed in
methanol. Particles may act as quenching centers of fluorescence for chromophores that are
adsorbed onto their surface since (1) the planar surface offers a constrained 2-dimensional
region on which the chromophores can dimerize [213] and (2) a nonradiative energy transfer
can occur from the excited molecules to the particle [94], though recent studies have indicated that dye-doped particles result in an optical system that underestimates the quantum
efficiency of the dye using established procedures [214]. Nonetheless, dispersing the PEGylated PA/azICG particles (both with azPEG1k or azPEG5k ) in methanol resulted in the
modified particles exhibiting a similar photoluminescence spectrum (not presented) relative
to the PA/azICG particles. In addition, the quantum efficiency of the PEGylated PA/azICG
particles was similar to the neat PA/azICG particles in methanol (cf. Table 4.1), suggesting
that the attachment of the PEG chains did not influence the emission characteristics of the
attached ICG.
Preliminary data on the imaging of these surface modified particles have been presented in Figure 4.6. Dead NOD/SCID mice were imaged using the IVIS 200 optical imaging instrument immediately prior to and following subcutaneous injection of 100 µL of
PA/azICG/azPEG1k into the left flank and 100 µL of PA/azICG into the right flank. Image acquisition time was 2 seconds.

4.2.2

Emission enhancement with BSA concentration
The utilization of an azICG-modified particle for any in vivo or in vitro imaging

application will require the particles to be dispersed in an aqueous environment. The re84

solvent
PA
PA/azICG
PA/azICG/azPEG1k
PA/azICG/azPEG5k

θ
water
73 ± 9
87 ± 2
23 ± 3
25 ± 1

φ
methanol
0.017 ± 0.004
0.015 ± 0.004
0.017 ± 0.004

Table 4.1: Contact angle (θ) and quantum efficiency (φ ) of surface functionalized PA particles.
placement of methanol for a PBS solution in the PA/azICG particles resulted in a total
quenching of fluorescence. Due to the hydrophobic nature of the dye, the employment of
PBS is speculated to have forced the bound azICG to sequester to the particle surface
and dimerize [94]. Previous studies of free ICG in water indicated that physically bound
ground state dimer formation occurred at low dye concentrations resulting in low fluorescence quantum yield of ca. 4x10−5 at an ICG concentration of ca. 2.7x10−3 mol/dm3 ; this
concentration of free dye would result in a theoretical inter-ICG distance of 80-90 Å [94].
In the current system, the attachment of the azICG to the surface of the particles results
in the “local” concentration of chromophores to be significantly higher with an inter-azICG
distance of 8-9 Å, promoting the dimerization in a poor solvent (cf. Figure 4.2). The hydrophobic nature of the neat PA and PA/azICG particles was confirmed by contact angle
measurements of films composed of the particles. The neat PA particles are relatively hydrophobic by the appearance of a contact angle of 73◦ , though with the grafting of azICG to
their surface, the hydrophobicity of the particles is enhanced as indicated by the increase in
contact angle to 87◦ . The surface of the particles was PEGylated in an attempt to enhance
the hydrophilicity of the particles and offer a way to separate the attached azICG. Though
the attachment of the azPEG1k and azPEG5k chains to the particles did significantly reduce
the contact angle of the particles to water to ca. 24◦ (cf. Table 4.1), there was no discernible
photoluminescence of the particles in water or PBS. Figure 4.7a presents the fluorescence
of the PA/azICG/azPEG5k particles when dispersed in PBS, indicating an almost total
quenching of fluorescence.
It has been established that the fluorescence quantum yield of ICG changes when
85

Figure 4.7: (a.) Photoluminescence of PA/azICG/azPEG5k particles dispersed in a PBS solution without
BSA (-•-) and after 0.025 mM BSA (-◦-) and 0.25 mM BSA (-5-) had been added; time duration of
ca. 4 days. Inset presents difference between initial and final emission spectra of particles with 0.25 mM
BSA. (b.) Increase in maximum photoluminescence intensity of particles composed of PA/azICG (•) and
PA/azICG/azPEG with PEG of molecular weight of 1000 (◦) and 5000 (5) with varying amounts of added
BSA; particles dispersed in a PBS solution with particle density of 1.259x1012 cm−3 . Excitation energy at
a wavelength of 710 nm and emission intensity measured at 825 nm.

the dye is adsorbed to macromolecules such as proteins and enzymes [94, 215–217], and
this response can be employed as a fluorescent diagnostic probe in medical and biological
applications. Previous studies have established that ICG adsorption occurs on the ca. 10 nm
sized human albumin protein and that dye adsorption will dominate over dye dimerization
when the dye number density is less than a few times the protein number density [94].
In the current system, the PA/azICG/azPEG5k particles in PBS were mixed with bovine
serum albumin (BSA) at various concentrations. With the addition of BSA to the solution,
the observed fluorescence intensity of the modified particles increased dramatically. Serum
albumin is a major protein constituent of blood plasma and this protein facilitates the
disposition and transport of a variety of exogenous and endogenous ligands to specific
regions. The delivery of ligands originates from two structurally selective binding sites where
the binding affinity originates from a combination of hydrophobic, hydrogen bonding, and
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electrostatic interactions. The long term increase in emission output is presented in Figure
4.7a for the addition of 0.025 mM and 0.25 mM BSA to the particles; these concentrations
represent a ratio of 0.39 and 3.93 BSA molecules to every azICG in the system, respectively.
The emission intensity in Figure 4.7a exhibited an immediate increase within the first 30
minutes that accounted for ca. 25% of the total increase in intensity followed by a long
term gradual increase. Figure 4.7b presents the intensity ratio (I/I◦ ) for the modified
particles for various BSA concentrations after the systems have equilibrated for 4 days.
The PA/azICG particles exhibit the least improvement in fluorescence emission with the
addition of BSA, though with almost all BSA concentrations resulting in at least a 50%
increase. The PA/azICG/azPEG1k particles exhibit a long term increase in intensity ratio
of ca. 5 for the highest BSA concentration, although all concentrations of BSA resulted in
significant emission enhancements, while the PA/azICG/azPEG5k particles, with the longer
surface-attached PEG chains, offer the greatest improvement in emission intensity with the
4 day emission ratio being 8.5 for the majority of all BSA concentrations above 0.05 mM. At
a BSA concentration of ca. 0.07 mM, the number of BSA molecules is approximately equal
to the total number of azICG in the system. The observed increase in fluorescence intensity
with BSA binding likely results from the ability of the protein to “dissolve” hydrophobically
aggregated azICG on the surface of the particles. The superior enhancement in emission
intensity with longer PEG chains is speculated to be due to an entrapment process. As
presented in the schematic of Figure 4.2, it is assumed that the BSA proteins are continually
absorbing and de-absorbing onto the particles at equilibrium, but as the PEG chains become
longer, their extended length acts to retard the desorption through entanglement effects,
thus forcing the proteins to spend more time near the surface of the particle and enhancing
the time in which a protein is complexed with a surface tethered azICG.
This was confirmed by measuring the concentration of BSA entangled with the
particles through the Bradford protein assay. Protein determination per functionalized particle was determined using established procedures [218]. PA/azICG, PA/azICG/azPEG1k ,
and PA/azICG/azPEG5k particles incubated in the presence or absence of BSA (final 0.15
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mM) were collected by centrifugation at 15,000g. After the supernatant was removed, the
particles were washed with deionized water. The supernatant and respective particles were
incubated separately with the Bradford’s reagent (Bio-Rad) for 10 minutes at 37 ◦ C and the
absorbance was measured at 595 nm using a spectrophotometer (Amersham Biosciences).
The amount of BSA interacting with the particles was calculated using a BSA standard
curve prepared with known BSA concentration standards. For the particles employed in
Figure 4.7 with 0.1 mM BSA, the assay indicated that approximately 233 BSA molecules
were associated with every PA/azICG particle, while the PA/azICG/azPEG1k particles had
380 BSA molecules and the PA/azICG/azPEG5k particles had 411 BSA molecules. On average, for every particle, there is a single BSA molecule for 130 azICG chromophores on
the PA/azICG particles. This ratio is reduced for the PA/azICG/azPEG1k particles to 80
azICG/BSA, while for the PA/azICG/azPEG5k particles this ratio is 74.

4.2.3

Emission enhancement with time

Figure 4.8: (a.) Increase in photoluminescence intensity ratio of PA/azICG/azPEG1k particles dispersed
in a PBS solution with the addition of 0.014 mM BSA; time evolution of the intensity at 819 nm relative
to the initial intensity. Inset presents photoluminescence of particles after 2 min (-•-), 37 min (-◦-), and
1174 min (-5-). Excitation energy at a wavelength of 710 nm; particle density of 1.259x1012 cm−3 . (b.)
Optical image of fluorescence intensity of PA/azICG/azPEG1k particles in deionized water (far left), PBS
(center), and 2 hours after the addition of 0.014 mM BSA to the PBS solution (far right); images taken with
a Caliper Xenogen IVIS Lumina II XR Instrument with 745 nm excitation filter and ICG emission filter;
particle density of 1.259x1012 cm−3 .

Figure 4.8a presents the time evolution of the emission intensity ratio (I/I◦ measured
88

at 819 nm) for the first 1200 min of PA/azICG/azPEG1k particles when dispersed in PBS
and mixed with 0.014 mM BSA. In this system, the particles were mixed with BSA at
a particle:protein 1:7000 ratio (azICG:protein 1:0.22) and the photoluminescence spectrum
(cf. Figure 4.8a inset) of the particles was measured every 30 minutes. There is an immediate
increase in the emission intensity followed by a slower growth; the increase can be roughly
modeled by an exponential rise to a maximum curve, which results in a time constant of ca.
15 minutes. For potential PDT applications, the PA/azICG/azPEG1k particles achieve 63%
of their total one day emission increase within the first 15 minutes. Figure 4.8b presents
an optical micrograph of the PA/azICG/azPEG1k particles in water, PBS, and PBS after
a two hour exposure to 0.014 mM BSA. These images demonstrate that (1) the quenched
fluorescence of the modified particles in PBS can be “turned on” by the addition of BSA
and (2) even though the PA/azICG/azPEG1k particles do not exhibit as pronounced an
emission increase relative to the PA/azICG/azPEG5k particles (cf. Figure 4.7b), the increase
in azICG emission is still clearly discernible. This latter feature facilitates the potential use
of these particles in a combined in vivo luminescent imaging and PDT study of tumors.

4.2.4

in vitro studies with cancer cells

Cell culture. HepG2 cells are a human hepatoma cell line and were obtained from ATCC
(Rockville, MD). All cells were cultured in phenol red-free Dulbecco’s modified Eagle’s
media (DMEM) containing 5% fetal bovine serum (FBS), 1% Penicillin-Streptomycin, and
supplemented with glutamine (Invitrogen, Carlsbad, CA). Cells were cultured at 37 ◦ C in
a humidified atmosphere of 95% air/5% CO2 .
Non-radioactive cell proliferation (MTS) assay. HepG2 cells were plated in 96 well
plates at 20,000 cells per well, and exposed to 9.45x108 , 9.45x1010 , and 9.45x1012 particles/mL 24 hours after initial plating. Proliferation was assayed colorimetrically 96 hours
after particle exposure with the Cell-Titer 96 Aqueous Non-Radioactive Cell Proliferation Assay (Promega, Madison, WI). Briefly, medium was decanted and a solution con-
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Figure 4.9: Proliferation of HepG2 cells after 4 days of incubation with neat PA (P) and
PA/azICG/azPEG1k (SMP) particles at concentrations of 9.45x108 (8.97), 9.45x1010 (10.97), and 9.45x1012
(12.97) particles/mL. Each condition was tested in three replicates with the high/low values being presented
as error bars. An asterisk indicates statistical significance from the control by ANOVA followed by Tukey’s
multiple comparisons test (p<0.01).

taining 100 µL 10% FBS with DMEM media and 20 µL 3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) and phenazine
methosulfate (PMS) was added to each well. After 60 minutes, the wells were scanned colorimetrically at 490 nm on a VersaMax spectrophotometer (Molecular Devices, Sunnyvale,
CA). The conversion of MTS into an aqueous soluble formazan product is achieved only by
dehydrogenase enzymes which are present in metabolically active cells; the absorbance at
490 nm from the formazan product is directly proportional to the number of living cells in
culture.
To assess the potential application of the PA/azICG/azPEG particles as photosensitizers for PDT and to determine whether the particles pose a toxic concern, cytotoxicity
tests were carried out in HepG2 cancer cells; cell viability was determined via the 3-[4,5dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay. Figure 4.9 presents
the relative growth of the cells with both neat PA (blank) and PA/azICG/azPEG1k par90

ticles. At the lower particle concentrations, the blank nanoparticles (P) exhibited a statistically significant reduction in growth for the HepG2 cells, while there was statistically
significant growth for the blank particles at the highest concentrations. The surface modified particles (SMP) reduced the growth of the HepG2 cells for all PA/azICG/azPEG1k
particle concentrations, though the reduction was not significant. The all trans-conformer
of the azPEG1k chain measures ca. 10 nm and its attachment to the particles should increase their diameter from approximately 70 nm to 90 nm. Due to the hydrophilic nature
of PEG, the DLS determined diameter of the modified particles in water was > 100 nm,
larger than the predicted value. The large hydrodynamic size of the PA/azICG/azPEG1k
particles relative to the neat PA particles may result in a less efficient cellular uptake at
these concentrations. Transmission electron microscopy (TEM) imaging was done to estimate the size of the PA particles and the surface modified particles. Figure 4.10 presents
the TEM image for PA particles and the surface modified PA/azICG, PA/azICG/azPEG1k
and PA/azICG/azPEG5k particles. No measurable difference in the sizes of the various
particles was observed.
In addition, preliminary cell viability was studied with NIR light exposure following
published procedures [219] to assess potential PDT performance. HepG2 cells secrete a
variety of major plasma proteins; e.g., albumin [220, 221], which could enable the fluorescence of the PA/azICG/azPEG particles. The fluorescence is indicative of the electronic
promotion from the ground singlet state to an excited singlet state with some excited singlets undergoing inter-system crossing to a longer-lived excited triplet state. Oxygen which
is adjacent to the cells and modified particles may accept energy from the excited azICG
chromophores and form the cytotoxic singlet oxygen, resulting in destruction of the cell.
The preliminary PDT study performed with the PA/azICG/azPEG1k particles is presented
in Figure 4.11 and indicates a decrease in HepG2 cell growth after a 24 hour incubation time
post 15 minute exposure of 780 nm light at a 0.04 mW/cm2 flux. Even for this relatively
minor exposure, the cells exhibited a reduced growth with both particle densities. There
appears to be an enhanced sensitivity to the higher concentration of particles, with the
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Figure 4.10: TEM imaging of (a.) poly(propargyl acrylate) (PA) particles, (b.) PA particles surface
modified with an azide-terminated indocyanine green (azICG), (c.) PA particles surface modified with
azICG and an azide-terminated poly(ethylene glycol) with molecular weight of 1K (azPEG1k ), (d.) PA
particles surface modified with azICG and azPEG with molecular weight of 5K (azPEG5k ).

highest dose of particles resulting in a statistically significant reduction in growth (p<0.01).
To insure that exposure to the light alone did not result in the observed reduced growth,
the inset in Figure 4.11 presents the relative growth of the neat cells with and without light
exposure, indicating no sensitivity to the radiation. Although this PDT study is promising,
more thorough studies with the modified particles are currently being pursued to verify
their PDT performance.
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Figure 4.11: Proliferation of HepG2 cells with 24 hours of incubation time with PA/azICG/azPEG1k
(SMP) particles at concentrations of 9.45x1010 (10.97) and 9.45x1012 (12.97) particles/mL after exposure
for 15 minutes to 780 nm light at a 0.04 mW/cm2 flux. Each condition was tested in three replicates with
the high/low values being presented as error bars. Inset presents proliferation of neat cells with and without
light exposure. An asterisk indicates statistical significance from the control by ANOVA followed by Tukey’s
multiple comparisons test (p<0.01).

4.3

Experimental
All the commercial reagents were purchased from Sigma-Aldrich and used without

further purification. All the solvents were dried according to standard methods. Deionized
water was obtained from a Thermo Scientific Barnstead NANOpure Water Purification
System and exhibited a resistivity of ca. 1018 Ω−1 cm−1 .
1H

and

13 C

NMR spectra were recorded on JEOL Delta 2 300 MHz spectrometer.

Chemical shifts are reported in parts per million downfield from tetramethylsilane and are
referenced to residual solvent peak (1 H NMR: CDCl3 : δ 7.26 ppm, (CD3 )2 SO: δ 2.50 ppm;
13 C

NMR: CDCl3 : δ 77.16, (CD3 )2 SO: δ 39.52 ppm). Coupling constants are reported in

Hertz (Hz). Electrospray ionization (ESI) mass spectra were obtained using the Finnigan
LCQ classic spectrometer + HP 1100 (HPLC).
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4.3.1

Preparation of azide-modified indocyanine green (azICG)

Figure 4.12:

Synthetic route for 2-[(1E,3E,5E)-7-[(2E)-3-(3-azidopropyl)-1,1-dimethyl-1H,2H,3Hnaphtho[2,1-b]pyrrol-2-ylidene]hepta-1,3,5-trien-1-yl]-1,1-dimethyl-3-(4-sulfonatobutyl)-1H-naphtho[2,1-b]
pyrrol-3-ium (azICG).

3-(3-azidopropyl)-1,1,2-trimethyl-1H-benzo[e]indolium iodide (1) The solution of 2,3,3-trimethyl-4,5-benzo-3H-indole (1 g, 4.78 mmol) and 1-azido-3-iodopropane (2
g, 9.56 mmol) in acetonitrile (50 mL) was refluxed for 72 hours. The solvent was evaporated
under vacuum and the residue was dissolved in dichloromethane (10 mL). This solution was
added dropwise to diethyl ether (80 mL) to precipitate a product. This purification was
done 3 times and the solid obtained was filtered and dried under vacuum (hygroscopic) to
give a dark-brown product. Yield: 1.61 g (80%). 1 H NMR (CDCl3 , 300MHz) 1.87 (s, 6H),
2.37 (m, 2H, J 5.9, 6.9), 3.25 (s, 3H), 3.76 (t, 2H, J 5.9), 5.00 (t, 2H, J 6.9), 7.70 (m, 3H,
J 8.6, 1.4, 1.7), 7.96 (d, 1H, J 8.9), 8.10 (m, 2H, J 8.6, 8.9).
4-(1,1,2-trimethyl-1H-benzo[e]indolium-3-yl)butane-1-sulfonate (2) The solution of (1) (0.6 g, 2.87 mmol) in 1,4-butane sultone (1.17 g, 8.59 mmol) was heated at 120
◦C

for 2 hours. After cooling, the crystallized product was washed with acetone, filtered and

dried to give the compound (2) as a white solid. Yield: 0.92 g (93%). 1 H NMR ((CD3 )2 SO,
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300MHz) 1.75 (s, 6H), 1.78 (m, 2H, J 7.2), 2.03 (m, 2H, J 7.6), 2.52 (t, 2H, J 7.2), 2.95 (s,
3H), 4.61 (t, 2H, J 7.6), 7.69-7.80 (m, 2H), 8.20 (d, 2H, J 8.9), 8.27 (d, 1H, J 8.9), 8.36 (d,
1H, J 7.9).
4-2-[(1E,3E,5E)-6-(acetylanilino)-1,3,5-hexatrienyl]-1,1-dimethyl-1H-ben
zo[e] indolium-3-yl-1-butanesulfonate (3) The mixture of (2) (0.3 g, 0.88 mmol) and
glutaconealdehyde dianil hydrochloride (0.27 g, 0.96 mmol) in acetic anhydride (4 mL)
and acetic acid (1 mL) was heated at 110 ◦ C for 2 hours. After cooling, the solution was
added dropwise to diethyl ether to precipitate a product. The solvent was decanted and
the residue was dissolved in dichloromethane (3 mL) and precipitated from diethyl ether
again. The solid was filtered, washed with deionized (DI) water and dried under vacuum to
give the product as a dark-purple solid. Yield: 0.36 g (76%). Melting point: 170 ◦ C with
a destruction.

1H

NMR ((CD3 )2 SO, 300MHz) 1.75 (m, 2H), 1.90 (m, 11H), 2.50 (t, 2H),

4.49 (t, 2H, J 7.9), 5.23 (d.d, 1H, J 11.7), 6.59 (d.d, 1H, J 11.0), 7.06 (d, 1H, J 15.1), 7.41
(d, 2H, 6.9), 7.60 (m, 4H), 7.76 (m, 2H), 8.15 (m, 5H), 8.38 (d, 1H, J 8.3).
4-(2-(1E,3E,5E,7E)-7-[3-(3-azidopropyl)-1,1-dimethyl-1,3-dihydro-2H-ben
zo[e]indol-2-ylidene]-1,3,5-heptatrienyl-1,1-dimethyl-1H-benzo[e]indolium-3-yl)1-butanesulfonate (ICG-N3 ) (4) The solution of (3) (1.7 g, 3.13 mmol) and (1) (1.44
g, 3.44 mmol) in the mixture of pyridine (20 mL), acetic acid (2 mL) and acetic anhydride
(2 mL) was heated at 50 ◦ C for 4 hours. After cooling, this solution was added dropwise to
diethyl ether to precipitate a crude product. This product was filtered and dried, dissolved
in pyridine (4 mL) and quenched with diethyl ether once again. The solid obtained was
filtered, washed with deionized (DI) water and dried to give a dark-green product. Yield:
2.1 g (96%, purity: 90%). 1 H NMR ((CD3 )2 SO, 300MHz) 1.91 (m, 18H), 2.5 (t, 2H), 3.54
(t, 2H, J 6.5), 4.22 (m, 4H), 6.34 (d, 1H, J 13.4), 6.59 (m, 3H), 7.50 (m, 2H), 7.66 (m, 3H),
7.80 (m, 2H), 7.90-8.10 (m, 6H), 8.25 (m, 2H). ESI-Mass (m/z; rel. intensity%): 700 (M+;
90), 564 (50), 408 (35), 346(100).
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Figure 4.13: Synthetic route for azide-modified polyethylene glycol (azPEG).

4.3.2

Preparation of azide-modified polyethylene glycol (azPEG)
Mono-methoxy-PEG1000-methansulfonate (6) Triethylamine (0.39 g, 3.9 mmol)

was added dropwise at room temperature to the stirred solution of mono-methoxy-PEG1000
(3 g, 3 mmol) and methylsulfonyl chloride (0.41 g, 3.6 mmol) in dichloromethane (30 mL).
The solution was stirred at 20 ◦ C for 4 hours, then washed with deionized (DI) water and
the organic layer was dried with Na2 SO4 with further filtration. The solvent was evaporated
under vacuum to give the product (6) as a white solid. Yield: 3 g (93%). 1 H NMR (CDCl3 ,
300MHz) 3.07 (s, 3H), 3.36 (s, 3H), 3.53 (m, 2H), 3.62 (m, 78H), 3.74 (m, 2H), 4.36 (m,
2H).
Mono-methoxy-PEG1000-azide (7) The mixture of (6) (3 g, 2.78 mmol) and
sodium azide (0.47 g, 7.23 mmol) in acetonitrile (30 mL) was refluxed and stirred for 6
hours. After cooling, the mixture was filtered and the solvent was evaporated. The residue
was dissolved in dichloromethane and washed with deionized (DI) water, organic layer was
separated, dried with Na2 SO4 and filtered. The solvent was evaporated, the crystalline
residue was washed with hexane, filtered and dried in air to give the product as a white
solid. Yield: 2.8 g (98%). 1 H NMR (CDCl3 , 300MHz) 3.37 (s, 3H), 3.39 (m, 2H), 3.55 (m,
2H), 3.64 (m, 80H).
A similar procedure was employed for the synthesis of mono-methoxy-PEG5000azide.
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4.3.3

Preparation and surface modification of the particles
Monodisperse cross-linked poly(propargyl acrylate) (PA) particles were prepared

using an emulsion polymerization procedure. A standard emulsion apparatus was utilized
where 0.05 g of sodium dodecyl sulfate (SDS, 99% Aldrich) was added to 75 mL of 18.2 MΩ
water; this solution was allowed to stir at 250 rpm at 83 ◦ C under a nitrogen purge. After a
60 min purge, 9 mL of the propargyl acrylate (PA) (98% Aldrich) and 1.8 mL of the divinyl
benzene (DVB, 80% Aldrich) was added dropwise to the solution. The PA and the DVB
were passed over alumina basic to remove inhibitors prior to being added to the solution.
Once the addition of the PA:DVB mixture was completed, 0.393 mL of 3-alloxy-2-hydroxy-1
propanesulfonic acid sodium salt (COPS-1, 40 wt% soln. Aldrich) and 5 mL deionized water
was added dropwise to the solution. After the COPS-1 was completely added, the solution
was allowed to stir for an additional 5 minutes before 0.1 g potassium persulfate (KPS,
99+% Aldrich), which was mixed with 5 mL deionized water, was added to the solution.
The emulsion polymerization was carried out under a nitrogen atmosphere for 40 minutes.
The resulting particles were dialyzed against deionized water for two weeks at 60
◦C

using a dialysis bag with a 50,000 MWCO and then shaken with an excess of mixed

bed ion-exchange resin (Bio-Rad AG-501-X8(D)). After the cleaning procedure, the particle
diameter was measured to be 73 ± 7 nm (average and standard deviation), as indicated by
a Coulter N4Plus dynamic light scattering (DLS) analyzer.
For a typical surface modification of the particles, for example, the grafting of azICG and azide-modified PEG chains with molecular weight of 1000 (azPEG1k ) onto the
particles, 1 mL PA particles and 10.9 mg azICG were added to 2 mL of deionized water.
Solutions of 0.07624 g copper(II) sulfate (99.999% Aldrich) in 10 mL deionized water and
0.3024 g sodium ascorbate (99% Aldrich) in 10 mL deionized water were made. Initially,
0.5 mL of the CuSO4 solution was added to the PA/azICG solution, followed by 0.5 mL of
the sodium ascorbate solution. The resulting mixture was maintained at a temperature of
ca. 28 ◦ C for 10 minutes and then the reaction was stopped by the removal of unreacted
azICG, sodium ascorbate, and Cu(II)SO4 through a repeated particle washing procedure
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consisting of centrifugation and redispersement in methanol. The cleaned PA/azICG particles in water were subsequently utilized in a secondary click transformation with 39.12 mg
azPEG1k , and previously presented CuSO4 and sodium ascorbate solutions. The reaction
was allowed to run for 24 hours and then washed to remove unreacted species as determined
by photoluminescence measurements; these particles are referred to as PA/azICG/azPEG1k .

4.4

Conclusion
A general strategy for the preparation of particles with surface attached indocyanine

green (ICG), a near-infrared emitter, and poly(ethylene glycol) (PEG) chains is described.
PEGs of various molecular weights and ICG were modified with the addition of a terminal azide (azICG & azPEG) and then attached to poly(propargyl acrylate) (PA) colloids
through a copper-catalyzed azide/alkyne cycloaddition performed in water. The placement
of azICG onto the surface of the particles allowed for the chromophores to complex with
proteins that resulted in the enhancement of the dye emission. In addition, the inclusion of
azPEG with azICG onto the particle surface resulted in a synergistic enhancement of the
fluorescence intensity, with azPEGs of increasing molecular weight amplifying the response.
Preliminary PDT studies with HepG2 cells combined with particles surface-decorated with
both azICG and azPEG indicated that a minor exposure of 780 nm radiation resulted
in a statistically significant reduction in cell growth. These results suggest that the surface attachment of azide-modified ICG to particles and its availability to spatially adjacent
molecular oxygen, coupled with protein enhanced fluorescence, may make these particles a
valuable resource in the treatment of cancer.
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Chapter 5

Conclusions
The objective of this dissertation was to design & synthesize electroactive and fluorescing colloidal particles; establish their optical, electronic, and
thermodynamic properties; and transition them into a device format for potential applications. The original intended application of this work was to build “better”
colloidally-based organic light emitting devices (OLEDs) by creating functional particles
with superior electrical and optical performance relative to technologies within the Foulger
group and commercially available, but through the course of the research, the particles that
were developed were found to be better suited for applications in cancer therapy. Nonetheless, the global objective envisioned at the onset of the dissertation was consistent with its
final outcomes. The research tasks pursued to accomplish this global objective included:
(1) The design and synthesis of electroactive moieties and their conversion into
organic light emitting devices (cf. Chapter 2); conclusions drawn from this work include:
• Thin film blend and copolymer OLEDs were made with fluorescent C6 and phosphorescent Ir(ppy)3 emitters.
• The degradation behavior of each of these devices were studied and a detailed analysis of the changes in the luminance and the luminance intensity with temperature
indicated that the blend devices exhibited a degradation in their performance with
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an increase in temperature due to phase separation of the small electron transporting
molecule.
• The phase separation in the devices could be successfully frustrated with the copolymer based device construction, with these latter OLEDs showing a better performance
with an increase in temperature. These devices exhibited a relatively stable mean luminance and luminance efficiency with thermal aging at temperatures ranging from
23 ◦ C to 130 ◦ C.
(2) The surface-modification of colloids with electroactive & fluorescing moieties via
“click” chemistry (cf. Chapter 3); conclusions drawn from this work include:
• Monodisperse poly(propargyl acrylate) (PA) particles were surface functionalized with
charge transporting & emissive moieties that were developed in Chapter 2 via a copper(I) catalyzed azide-alkyne huisgen 1,3-dipolar cycloaddition “click” transformation.
• This “click” transformation was performed at 28 ◦ C and in an all aqueous environment.
• To enhance the water-solubility of the molecules, the click transformation was performed in the presence of β-cyclodextrin (β-CD); utilization of β-cyclodextrin increased grafting density of most moieties with moieties containing oxadiazolyl groups
exhibiting an 84% increase in grafting density when the transformation was performed
in the presence of β-CD; similarly, an azide-modified coumarin 6 (AD1) underwent a
17% enhancement in grafting density and a naphthalimide-based emitter (AD2) exhibited a 5 % increase in grafting density when the transformation was performed in
the presence of β-CD.
• Efficient energy transfer could be achieved through judicious choice in emitter combinations; repeated energy transfer between these moieties resulted in a total Stokes
shift of 180 nm for the particles synthesized in this work.
(3) The synthesis and characterization of near-infrared emitting particles for potential applications in cancer therapy (cf. Chapter 4); conclusions drawn from this work
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include:
• The large Stokes shift that was observed for the particles synthesized in Chapter 3 motivated the use of near-infrared (NIR) emitters. In this case, PA particles were surface
functionalized with the only FDA approved NIR emitter, indocyanine green (ICG),
that can be used in the human body for medical use along with PEG chains (azPEG)
of varying molecular weights; PEG chains are known to increase the hydrophilicity
and biocompatibility of the particles.
• These particles exhibited protein sensing capabilities with a synergistic enhancement
of the fluorescence intensity, with azPEGs of increasing molecular weight amplifying
the response. The PA/azICG particles exhibit the least improvement in fluorescence
emission with the addition of BSA, though with almost all BSA concentrations resulting in at least a 50% increase; the PA/azICG/azPEG1k particles exhibit a long
term increase in intensity ratio of ca. 5 for the highest BSA concentration, although
all concentrations of BSA resulted in significant emission enhancements, while the
PA/azICG/azPEG5k particles, with the longer surface-attached PEG chains, offer
the greatest improvement in emission intensity with the 4 day emission ratio being
8.5 for the majority of all BSA concentrations above 0.05 mM.
• The surface modified particles were non-toxic as determined by the cytotoxicity tests
that were carried out in HepG2 cancer cells.
• The preliminary studies that were carried out to assess the potential application of the
PA/azICG/azPEG1k particles as photosensitizers for photodynamic therapy (PDT)
utilizing HepG2 cells were very promising; results obtained suggested that the surface
attachment of azide-modified ICG to the particles and its availability to spatially
adjacent molecular oxygen, coupled with protein enhanced fluorescence, may make
these particles a valuable resource in the treatment of cancer.
• Although this PDT study is promising, more thorough studies with the modified
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particles are currently being pursued by other members of the Foulger group to verify
their PDT performance.
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